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This dissertation investigates the associations between domestic animals and the 
ecology of Triatoma infestans, a vector of Chagas disease. The ecology of 
Triatoma infestans in relation to domestic animals has been studied in other areas, 
but it is context dependent and the approaches might differ. This dissertation 
combines field observations and experimental data, and uses concepts from 
epidemiology, entomology, and ecology to understand the interactions between 
domestic animals, Triatoma infestans and Trypanosoma cruzi, the parasite the 
causes Chagas disease.  
The first aim uses a novel approach to analyze the influence of domestic animal 
species and animal corral construction materials on the presence and abundance of 
Triatoma infestans. This analysis combines both, domestic animal species and 
construction materials, to define ecotopes, the smallest ecologically distinct 
landscape unit. These ecotopes might increase or reduce the odds of finding T. 
infestans and their abundance. We found that small mammals (guinea pigs and 
rabbits) living in enclosures built with stacked stones or bricks increases the odds 
of finding insect vectors and of finding more abundant colonies. Other animal 
species raised in enclosures built with wire mesh showed a protective effect 
against harboring insect vectors. 
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The second aim proposes to use dogs as animal sentinels to determine areas of 
transmission of Trypanosoma cruzi. We analyzed data from a cross sectional 
entomological survey and a canine serological survey and found a strong spatial 
association between seropositive dogs and parasite-carrying vector colonies. In 
addition, increasing age seroprevalence curves and behavioral features of dogs 
support the hypothesis that dogs can be good animal sentinels for T. cruzi 
transmission. This section of the dissertation also discusses feasibility of dog 
sentinels and proposes ways to integrate this approach with current health 
programs. 
Finally, the third aim examines the influence of the population dynamics of 
domestic animals on Triatoma infestans dispersion. We created a laboratory 
experiment to explore and characterize the host-seeking behavior of T. infestans 
and its dispersion under the constant presence of hosts and after these hosts are 
removed. We found that there was an important level of random dispersion in the 
constant presence of hosts, but population dynamics of hosts had a strong 
influence on vector dispersion. After host removal, we found spatial patterns of 
dispersion that suggest that empty animal enclosures remain attractive for vectors, 
and most importantly, vector activity increased significantly after hosts were 
removed which might indicate increased risk for humans in infested areas where 
animal populations fluctuate. 
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1. Chagas disease, Trypanosoma cruzi, and Triatoma infestans 
 
In Latin America, approximately 7 to 8 million people are estimated to be infected 
with Trypanosoma cruzi [1], the causative parasite of Chagas disease, and more 
than 100 million people are at risk of being infected [2]. Most people infected with 
T. cruzi have mild or no symptoms during the acute phase of the disease (roughly 
within the first 30 days of infection), and pass into the chronic phase of infection 
without being detected [3,4]. Once in the chronic phase, most infected individuals 
show no signs or symptoms and are considered to have the indeterminate form of 
the disease. However, it is estimated that 20 to 30% of those infected will develop 
cardiac or digestive forms of Chagas disease, usually decades after initial infection 
[3,4]. This clinically manifest form of the disease cannot be reversed and is often 
fatal [3-5].  
 
1.1. Life cycle of the parasite and vector hosts 
The life cycle of the Trypanosoma cruzi parasite involves vectors, humans, and 
animal reservoirs [6] and is transmitted between hosts and reservoirs by triatomine 
vectors. There are many triatomine species that can transmit T. cruzi, but only 
some are of medical importance because their feeding or living habits involve 
proximity to humans [7]. In the southern cone of South America, Triatoma 
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infestans is the most important insect vector of T. cruzi. T. infestans is a nocturnal 
blood-sucking insect that feeds on humans and other mammals, as well as on birds 
[7]. When the infected vector feeds on a host, it defecates and release infective 
forms of T. cruzi with the intestinal contents [8]. The parasite contained in the 
excreted feces can enter the bloodstream through any break in the skin or through 
the oral or ocular mucosa [9]. The insect tends to form colonies comprised of adult 
males, adult females, and nymphs of different developmental stages (from first to 
fifth instar). The adult insect is about 1 inch long and resembles a flat cockroach 
when it has not eaten, becoming rounded and bloated after a blood meal, which 
usually takes about 20 minutes. Only adults have wings but they are not efficient 
for flying. T. infestans live within or in the proximity of human homes. They seek 
crevices, cracks, and holes in walls, roofs or other parts of a house, that can give 
them protection and appropriate environmental conditions to reproduce.  
 
1.2. Strategies of Chagas disease control 
Strategies to control the disease include blood screening to reduce transmission 
through blood or organ donation, screening of pregnant women in endemic areas 
to detect congenital transmission and treatment of newborns, improving housing to 
reduce vector infestation in homes, and conducting insecticide residual campaigns 
[10]. The application of insecticide has proven to be the most cost effective 
strategy to control the vector [11].  
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The insecticide spraying campaigns in endemic areas are usually conducted by 
governmental agencies and their main goal is to reduce the vector population to 
such a level that vectorial transmission would be halted. Resources for these 
campaigns are limited and efforts will wane if funding for control programs are 
reduced, as was the case in Brazil in 1986 when the 600 members of the Chagas 
control staff were relocated to the mosquito control program [12]. 
 
1.3. Chagas disease in Arequipa, Peru 
In Arequipa, located in the Andean area of Peru, T. infestans is the sole vector of 
T. cruzi and vector-borne transmission of Chagas disease is an important public 
health problem [13-15]. Historically, the disease had been reported as a rural 
disease affecting mainly the valleys around the city of Arequipa where housing 
was rustic and agriculture was the main economic activity of the Andean state of 
Arequipa. In La Joya district we studied 4 communities in 2008 and found a 
human seroprevalence of 13.4% (n=1,333). Some datasets collected from that 
study were used for the present manuscript.  
During recent decades, mining and other business activities have grown, and the 
ensuing economic prosperity in the city has caused migration from the rural areas 
of the state into the cities, primarily the capital city, Arequipa.  Recently, the 
disease has been detected in the heart of the city [13,15], underscoring an 
urbanization process of Chagas disease that has been seen in other areas of Latin 
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America where cities are growing [16].  Human Chagas disease in urban 
Arequipa, has been detected especially in the periurban outskirts [17]. Bayer and 
Hunter in 2009 described the patterns of migration and settlement in these 
communities in Arequipa [18]. They suggest that the practice of city shantytown 
residents of migrating seasonally to pursue temporary agricultural work in the 
rural valleys where T. infestans is present may contribute to the growth of Chagas 
disease in the city of Arequipa when these migrant workers return to their urban 
homes. 
 
1.4. Guinea pig husbandry in Peru 
Domesticated guinea pigs are a popular source of animal protein for the Andean 
highland inhabitants. Guinea pigs were domesticated over 7,000 years ago [19] 
and are an important part of the economy and folklore of the Andes [20,21]. These 
animals are typically fed with fresh pastures, mainly alfalfa, and their diet is 
sometimes complemented with kitchen leftovers [22,23]. They are commonly 
raised in small groups of a few specimens in backyards, corrals, or sometimes 
allowed to roam freely within the house [22]. Guinea pig owners use adobe, 
stacked bricks, stacked stones, chicken wire, cardboard boxes, and combinations 
of these materials to build their enclosures. In some households, people purchase 
guinea pigs from the markets to raise them over a few weeks or months. In other 
cases, households raise guinea pigs permanently, and the number of specimens at 
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any given time is a function of the availability of pasture, its price, and family or 
local celebrations [24].  
 
1.5. Animal reservoirs of Trypanosoma cruzi and vector hosts in the 
Andes 
The importance of different domestic animals for the presence of vectors, the 
parasite, and transmission of T. cruzi has been studied in different countries [26-
28], and different species of mammals have been described as potential reservoirs 
of T. cruzi. Gurtler et al. in 2009 [25] described the host-feeding preferences of 
Triatoma infestans in Argentina, reporting that T. infestans prefer to feed on dogs 
as compared to chicken and cats. They did not compare dogs and guinea pigs, 
since the latter is not commonly raised in Argentina. In addition, some species 
have been associated with increased numbers of vectors. In Peru, some studies 
have indicated the association between guinea pigs and an increased number of T. 
cruzi-infected vector in animal corrals [13,29,30].  
The host-feeding preferences of T. infestans in the Peruvian Andes have not been 
evaluated, and both domestic dogs and guinea pigs should be considered. If host-
feeding preferences are stronger for guinea pigs in the Peruvian Andes, it may lead 
to the aggregation of triatomine insects in and around guinea pig corrals. The 
differences in the life histories between different domestic species should be also 
considered. Guinea pigs usually live for a few months in rural communities in 
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Peru, while dogs live for 7 years in average. Also, guinea pigs are very stationary, 
meaning that usually they do not live their cages or corrals their whole lives. On 
the contrary, dogs roam around their houses, and can be exposed to infected 
triatomines beyond the boundaries of their housesholds. Therefore, domestic dogs 
are an important domestic species because they live for several years in proximity 
to humans, and if infected, may serve as a reservoir for T. cruzi during their 
lifespan. Guinea pigs might be also important species in the ecology of 
Trypanosoma cruzi and Triatoma infestans since there are several or many guinea 
pigs in the corrals. These groups of guinea pigs in corrals create subpopulations 
that might allow transmission of the parasite at a very small scale and their corrals 
offer good hiding and breeding places for the vectors. 
 
1.6. Present studies about presence, abundance, and dispersion of 
Triatoma infestans and indicators of reemergence of Trypanosoma cruzi 
The following manuscripts use data from community- and lab-based studies in 
Arequipa, Peru to explore three different aspects of the role of domestic animals in 
T. infestans ecology. The first study describes the association between different 
animal corral ecotopes (defined by each unique combination of animal species and 
construction materials per corral) and the presence and density of vectors and 
parasite-infected vectors. We find that ecotopes containing guinea pigs are strong 
predictors for the presence of both large colonies of T. infestans and for T. cruzi-
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infected T. infestans. We discuss the implications of these findings for vector 
control.   
The second study evaluated the sero-prevalence of T. cruzi infection in domestic 
animals, and found that seropositive dogs were located near large colonies of 
infected vectors. We also found sero-positivity in dogs increased with age, 
suggesting a risk of transmission after birth, consistent with vectorial transmission. 
The potential use of dogs as animal sentinels in areas of reemerging transmission 
of T. cruzi, is an option for improving vector control strategies.  
Finally, the third study was conducted in our field entomology laboratory and used 
experimental data to understand the effect of population dynamics of domestic 
animal hosts on the presence and dispersion of triatomine vectors. We observed 
that triatomine insects disperse significantly even when the presence of hosts 
remains constant. After removal of hosts, the pattern of insect dispersal changes. 
The observed responses by triatomines to perturbed and unperturbed environments 
may be the result of adaptive survival strategies and have implications for vector 
surveillance and control.  
In areas where residual insecticide has been applied to homes (the most common 
vector control measure for Chagas disease), transmission can reemerge if domestic 
animal reservoirs and insect colonies in animal corrals are not addressed. In 
conjunction, these three studies advance the understanding of the role that 
domestic animals, in particular dogs and guinea pigs, play in maintaining vector-
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Background: Animal corrals are discrete geographical units that are built with 
specific materials and contain specific animal species. The materials comprise a 
habitat that can be used by triatomine vectors, and the animal species might 
interact with triatomine vectors (parasitism) to create a particular niche. The 
combination of habitat and niche produces an ecotope, and different ecotopes 
might facilitate or impede the infestation and reproduction of triatomine vectors. 
Also, the presence and dynamics of specific animal reservoirs might increase T. 
cruzi-infection in the vector population. The objective of this study was to 
determine the association between animal species and T. cruzi-infected vectors 
and ecotopes and vector infestation and colonization. 
Methods: We conducted a cross-sectional entomological survey in four rural 
communities of Arequipa, Peru. We collected vectors, classified them based on 
developmental state and sex, and evaluated them for the presence of T. cruzi. We 
recorded the presence of domestic animals in the sites of capture, the materials 
used to build the animal enclosures, use of insecticide, and age of the corral. In 
houserooms, we recorded the same information and the number of persons 
sleeping in each room. With logistic regression models we evaluated the factors 
and ecotopes associated with the presence of vectors, nymph instars, and 
Trypanosoma cruzi-infected vectors. With zero-inflated binomial and Poisson 
regression models, we assessed the association between ecotopes and the count of 
vectors, the count of 5
th
 nymph instars, and the count of T. cruzi-infected vectors. 
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Results: Overall, empty corrals, rabbit corrals, and guinea pig corrals were the 
most infested (15% - 29%), colonized (12% - 25%) and infected (31% - 44%), and 
corrals made with stacked stones and bricks increased the number of vectors and 
nymph instars in almost any animal species. Compared to dogs, guinea pigs were 
strongly associated with the number of T. cruzi-infected vectors (mean ratio = 
218.2; 95% CI: 54.1, 874.4). Within houses, the presence of humans increased the 
odds of infestation (OR = 4.6; 95% CI: 1.8, 11.8) and colonization (OR = 5.0; 
95% CI: 1.8, 13.9), and also the number of humans increased the odds of 
infestation (OR = 1.7; 95% CI: 1.2, 2.4) and colonization (OR = 1.8; 95% CI: 1.3, 
2.4). 
Conclusions: Vector control programs in endemic areas will benefit from 
encouraging the use of wire mesh enclosures for all food animals, promoting 
raising animals other than guinea pigs, and including empty corrals in the vector 
surveillance activities. 





American trypanosomiasis, or Chagas disease, is a vector-borne parasitic disease 
that affects 7 to 8 to million people in the Americas [1], of which approximately 
192,000 are Peruvian [2,3]. The disease extends over most of the Americas region, 
and although recently it has become urbanized [4,5], the disease remains strongly 
associated with rural areas and its burden concentrated on underserved populations 
[6]. The vector of Chagas disease are insects of the subfamily triatominae and are 
typically nocturnal, taking blood meals from a wide range of animals, including 
mammals, birds and humans. The causative parasite, Trypanosoma cruzi, infects 
humans and other mammals [7], including dogs and livestock, which are common 
domestic animals in rural settings. The presence of domestic animals near 
households may make them important factors for the risk of triatomine infestation 
and T. cruzi transmission to humans.  
Domestic animals can play a role in T. cruzi transmission as a source of blood 
meals for the triatomine vector and as a mammalian host for the T. cruzi parasite 
capable of infecting vectors. In addition, domestic animal corrals, pens or sleeping 
areas can harbor insect nests and colonies. The association between different 
domestic animal species and Chagas disease has been the subject of several studies 
from the United States to Argentina [8-13], and it seems that the importance of an 
animal species in vector infestation is context dependent. In some rural areas of 
Argentina dogs and chickens have been described as important hosts for 
triatomine vectors [14] and in other rural areas of the same country, goat corrals 
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seem to play an important role in the nesting and persistence of triatomine 
populations [15]. In general, dogs have been described as important hosts for the 
vectors and reservoirs of the parasite of Chagas disease in many endemic 
countries, such as Mexico, Venezuela, Colombia, Peru, Brazil, and Argentina, 
[9,10,13,16-20]. In the Southern Andes, an autochthonous domesticated species 
may be an important reservoir of T. cruzi: the guinea pig.  
Guinea pigs were domesticated in the Peruvian Andes about 7,000 years ago [21]. 
Since then, these small and resilient rodents have been raised as source of protein 
for Andean villagers. Domestication of guinea pigs later expanded south, reaching 
human communities in Bolivia where, around 4,500 years ago, populations of 
Triatoma infestans, a Chagas disease vector, which lived with and fed on wild 
guinea pigs, adapted to human dwellings and became a strictly domiciliary insect 
species, likely by following domesticated guinea pigs [22]. Many triatomine 
species can transmit T. cruzi [23], but in the department of Arequipa, Peru, T. 
infestans is the only insect vector present [19]. In this part of the Andes, the vector 
and the causative parasite of Chagas disease have probably coexisted with guinea 
pigs for more time than with any other domestic animal species, as many domestic 
animals were not introduced to the Americas until the 15
th
 century.  
In Peru, a positive association between guinea pigs and the presence of T. 
infestans in their corral has been reported since 1955 [24] and, in the same year, an 
association between T. cruzi-infected T. infestans and guinea pig corrals was also 
reported [25]. More recently Levy et al. [19] reported that guinea pig corrals had 
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2.4 times more T. infestans individuals compared to the corrals of other animal 
species. In addition, Levy et al. found that the presence of chickens is associated 
with fewer T. infestans individuals in corrals [19], possibly related to predation by 
chickens on vectors. Researchers in other countries have similarly reported fewer 
T. cruzi-infected vectors associated with the presence of chickens in experimental 
[26] and field settings [27], a finding associated with the refractory nature of birds 
to infection.  
Domestic animals are usually enclosed in corrals, and in underserved and rural 
areas, animal corrals are often constructed with rustic materials. The materials 
used to build animal corrals and their role on the quantity of T. infestans and T. 
cruzi infections have also been studied. Levy et al. [19] found that animal corrals 
with  wire mesh and stuccoed walls can be protective against T. infestans, whereas 
rustic materials, such as adobe and unmortared bricks are associated with larger 
number of T. infestans. On the contrary, Gorla et al. in Argentina [15] found no 
protective effect of improved goat corrals built with concrete and wire. 
Vector control measures play a key role in the prevention of Chagas disease, and 
in the case of areas with T. infestans, insecticide residual application in households 
of areas endemic for Chagas disease is the main intervention employed [28]. In 
Arequipa, Peru, an insecticide residual spray campaign has been led by the 
Ministry of Health. Generally, insecticide is applied to walls inside houses, as well 
to walls and surfaces in the peridomiciliary area, including animal corrals. The 
insecticide used in this campaign (Deltamethrin 5%) has an immediate repellant 
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effect on T. infestans and a long-acting killing effect on the insects [29]. Although 
reinfestation is probable, reemergence of T. cruzi transmission is a threat when 
mammalian parasite reservoirs persist in the area.  
In Arequipa, Peru, the rural district of La Joya has been historically considered an 
endemic area of Chagas disease. This area had been sprayed with insecticide in 
1996 to control triatomine insect infestation [30]. However, in 2008 the high level 
of reported T. infestans in this area indicated reinfestation and potential 
reemergence of transmission after 1996 that might have been facilitated by the 
presence of specific ecotopes in the area favorable to T. infestans.  
An ecotope can be defined as the smallest ecologically distinct landscape. 
Ecotopes are created by the combination of environmental conditions (habitat) and 
the interactions of adaptively related species (niche) [31]. In the peridomiciliary 
area of houses in triatomine-infested regions, an animal corral with a specific set 
of animal species and discrete building materials can be considered an ecotope. 
Triatomine insects of different species show strong predilections for specific 
ecotopes, and this might influence evolution and behavior of the vector and T. 
cruzi [32].  
Specific combinations of domestic animal species and corral materials may 
provide favorable ecotopes for T. infestans. The objective of our study was to 
determine the domiciliary and peri-domiciliary factors associated with the 
presence and abundance of T. infestans and T. cruzi-carrying T. infestans, in a 
setting of reinfestation and reemerging transmission. Special attention is placed on 
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identifying those factors associated with the presence of nymphs, and indicator of 
colonization and suitability of the ecotope for T. infestans. 
 
2.3. Methods 
2.3.1. Ethical statement 
The Institutional Review Board of Universidad Peruana Cayetano Heredia 
reviewed and approved all animal-handling protocols used for this study. 
2.3.2. Study population and area 
This study was conducted in four contiguous rural communities in the district of 
La Joya, with a population of approximately 2,500 persons in 677 households. The 
district of La Joya, located 30.7 km west (Euclidean distance) of the department 
capital city of Arequipa, sits at an altitude of 1617 m, has an average temperature 
of 18°C (range 10°C to 35°C), humidity ranging between 20% and 85%, and a 
marked rainy season. The residents of La Joya raise domestic animals for various 
uses. The most common species raised are guinea pigs, rabbits, dogs, cats, and 
poultry. It is a historically endemic area for Chagas disease and the district 
underwent residual insecticide application in September to November 2008 as part 
of the vector control program run by the Ministry of Health. 
2.3.3. Study design 
In collaboration with the Ministry of Health insecticide application program, we 
 19 
conduced a cross-sectional household study to collect entomological, 
parasitological and ecotope data in this rural settlement. In this context, an ecotope 
was defined as the smallest ecologically distinct landscape feature with shared 
construction materials and containing the same animal species; therefore, each 
animal corral was considered a unique ecotope. Corrals containing a combination 
of small mammals (rabbits or guinea pigs and poultry) were also considered 
unique ecotopes. Peridomiciliary ecotopes were the structures surrounding the 
house (e.g. animal corrals in the backyards or animal cages on the roof). 
2.3.4. Entomological and parasitological data collection 
We conducted a cross-sectional entomological survey in each house at the time of 
insecticide application by the Ministry of Health spraying campaign. In each house 
a field biologist, who accompanied the MoH insecticide sprayer, surveyed all the 
intra- and peri-domiciliary areas of the house, collecting T. infestans as they 
emerged in response to the insecticide. The search and collection was conducted 
over one hour/person/house. All bugs captured within the same room, animal 
corral, or other area of the house were placed in a jar and assigned a unique code 
corresponding to the room, corral or area of capture. The captured triatomine 
insects were sent to our field lab in the city of Arequipa where their sex and 
developmental stage were determined. We diagnosed the presence of T. cruzi in all 
insects, except first instars, by direct microscopy observation of gut contents. 
Direct microscopy has shown sensitivity of 90.5% and specificity of 80.4% in T. 
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cruzi infection diagnosed in triatomines from the field [33]. The entomological 
information was linked to the data collected on the rooms and corrals where 
insects were captured. 
2.3.5. Ecotope data 
The characteristics of each room and corral in all surveyed houses were recorded. 
We collected information by direct observation on type of enclosure (animal corral 
or house room), purpose of room (e.g. storage, bedroom), the materials used to 
build rooms and corrals, and animal species kept in that environment. We also 
recorded if humans slept in any of the rooms. Domiciliary ecotopes were classified 
based on their function (e.g. kitchen, bedroom), and peri-domiciliary ecotopes 
were classified based on the animal species they contained (e.g. guinea pig corral). 
2.3.6. Statistical analysis 
We estimated the prevalence of T. infestans and T. cruzi in the houses, rooms and 
corrals, and the index of colonization (the proportion of infested areas where 
nymphs were found). We dichotomized the presence of triatomine vectors to 
define infested corrals and houserooms, we dichotomized the presence of nymph 
instars to define colonized corrals and houserooms, and finally, we also 
dichotomized the presence of T. cruzi-infected triatomine vectors to define 
infected corrals and houserooms. Based on these dichotomous categories we 
reported the prevalence of infested, colonized and infected corrals by animal 




Animal species and corral materials 
We used logistic regression models to evaluate the animal species and corral 
materials associated with the presence of triatomine insects (infestation), presence 
of nymph instars (colonization) and T. cruzi-carrying triatomine insects 
(infection). We also evaluated the count of triatomines, nymph instars, and T. 
cruzi-carrying triatomines. First nymph instars are very small compared to adults. 
The size of nymph instars increases progressively and the size of a fifth nymph 
instar is not very different from the size of adults. To prevent differential reporting 
of triatomines biased by developmental stage (detection probability associated 
with size), we used only data of adults and fifth instar as surrogates of insect 
population to evaluate the density of vectors per capture site. To model the count 
of total vectors and the count of 5
th
 nymph instars in each site of capture we used a 
zero-inflated negative binomial regression without regressors for the zero 
component of the model. The count of total T. cruzi-infected vectors was modeled 
with zero-inflated Poisson regression. In all regression analyses, for factors 
associated with infestation, colonization, and infection we considered corrals of 
dogs, guinea pigs, poultry, rabbits, poultry and small mammals together, empty 
corrals, material of construction, time of construction, and use of insecticide 
within the last 6 months. Dogs have been associated with vector infestation and T. 
cruzi-infected vectors in different countries [9,20,27,34]. For reference group we 
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used dogs when analyzing the effect of animal species, and doghouses made of 
mortared bricks or stones when analyzing the effect of ecotopes. 
Ecotopes 
With a heat map we displayed the distribution of corral materials for the most 
prevalent animal species to determine the most prevalent ecotopes in the study 
area. We chose those corral materials that were present in at least 10% of each 
animal species corrals to analyze the association between ecotope and infestation 
and colonization. The association between ecotopes and infestation and 
colonization was assessed with logistic regression models, and the association 
between ecotopes and the count of T. cruzi-infected triatomines was assessed with 
zero-inflated Poisson regression models. 
Rooms of the human dwelling 
We modeled infestation, colonization and infection of vectors within household 
rooms as a function of the presence of human sleeping spaces, number of humans 
sleeping in the room, and presence of animals in the bedroom. For this analysis, 
we used logistic regression models adjusted for the bedroom construction 
materials. 
All statistical analyses were performed with R and estimates were evaluated with 




Of 677 households in the study area, 612 were surveyed (participation rate 
90.4%); of these 612 houses, triatomine insects were found and collected from 168 
(27.5%) houses, and Trypanosoma cruzi–carrying triatomine insects were 
collected from 46 of the 168 infested houses (27.4%). Of 3,753 rooms in human 
dwellings surveyed, 187 (5%) were infested with vectors and 18 (0.5%) contained 
T. cruzi–carrying triatomine insects. Of 1,762 animal enclosures, 204 (11.6%) 
were infested with vectors and 60 (3.4%) had insects carrying the parasite. One 
hundred thirty one rooms and 177 corrals had fifth nymph instars; therefore, the 
colonization index (number of sites with triatomine nymphs/number of sites with 
triatomines) for rooms was 70.1% and for animal enclosures was 86.8%.  
We found strong interspecific variability in levels of infestation, colonization, and 
infection. A total of 9,557 triatomine insects were captured; 2,070 in human 
dwellings and 7,487 in peridomestic areas. Most T. cruzi-carrying triatomine 
insects were captured in peridomestic areas (96.7%). At the time of the survey, 
497 (81.2%) households in La Joya kept domestic animals, but only 47 households 
(7.7%) allowed some companion animals to sleep inside at night. The rest of the 
animals were kept in the peridomiciliary area.  
Table 1.1 and Figure 1.1 show the levels of infestation and colonization across 
corrals housing different animal species. Surprisingly, empty corrals had the 
highest levels of infestation (29%) and colonization (25%), followed by rabbit 
corrals (15% and 13%, respectively), and guinea pig corrals (13% and 12%, 
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respectively). Corrals of other animal species had infestation and colonization 
levels below 10%. Among infested corrals, the presence of T. cruzi-infected 
triatomines showed wide variability across animal species corrals (Figure 1.2). We 
found T. cruzi infected triatomines in 44% of infested guinea pig corrals, 31% in 
infested empty corrals, 22% in infested poultry corrals, and 18% in infested 
doghouses. Corrals of other animal species had lower infection levels or were not 
very prevalent in the study area (Figure 1.2). 
The presence of any vector and nymph instars was dependent on animal species, 
but not on corral materials, nor use of insecticide in the last six months or time 
since construction of the corral (Table 1.2). Compared to doghouses, guinea pigs 
corrals had odds of infestation 3.5 times higher (95% CI: 1.8, 7.1) and odds of 
colonization 3.7 times higher (95% CI: 1.8, 7.6). Rabbit corrals had odds of 
infestation 4.3 times higher (95% CI: 1.6, 11.2) and odds of colonization 4 times 
higher (95% CI: 1.6, 10.4), and empty corrals had odds of infestation 10 times 
higher (95% CI: 5.3, 19.1) and odds of colonization 7.6 times higher (95% CI: 3.9, 
14.9) when compared with doghouses. Despite these associations, the presence of 
T. cruzi-infected vector was not statistically associated with animal species (Table 
1.2).  
The dichotomous variables of infestation, colonization, and infection do not 
represent the insect density associated with specific animal corrals. Figure 1.4 
shows that the majority of insects captured in the peridomiciliary ecotopes were 
found in guinea pig corrals, followed by empty corrals and poultry corrals. 
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Captured nymph instars were fewer and followed a similar distribution across 
animal species. Lastly, the T. cruzi-infected vectors were found almost entirely in 
guinea pig corrals. When we modeled the number of captured vectors (Table 1.3) 
we found that, compared to the average number of vectors captured in doghouses, 
the average number of vectors captured in guinea pig corrals was 25 times higher 
(95% CI: 10, 67), in poultry corrals was 4.1 times higher (95% CI: 1.8, 9.5), and in 
empty corrals was 8.9 times higher (95% CI: 3.6, 22.0). Compared to doghouses, 
the average number of fifth nymph instars captured in guinea pig corrals was 127 
times higher (95% CI: 34, 471), in poultry corrals was 23 times higher (95% CI: 
6.8, 77.6), and in empty corrals was 21.4 times higher (95% CI: 6.1, 75.8). The 
only animal species that showed a statistically significant difference of T. cruzi-
infected vectors when compared to dogs was guinea pigs (Table 1.3) (Mean 
Ratio=218; 95% CI: 54, 874), although corrals without any animals inside had an 
average number of infected vectors 6.5 higher than those from doghouses (95% 
CI: 1.6, 26.3). 
To evaluate the peridomiciliary ecotopes and their association with the vector we 
assessed the prevalence of corral materials by animal species. Some materials such 
as wood, stucco, adobe, and corrugated material were uncommon in most animal 
species corrals (Figure 1.3). According to Table 1.4, compared to doghouses made 
of mortared bricks or stones, empty corrals built with other materials had odds of 
infestation 15.9 times higher (95% CI: 3.4, 74.2) and odds of colonization 11.3 
times higher (95% CI: 2.4, 54.1); empty corrals built with stacked stones or bricks 
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had odds of infestation 42 times higher (95% CI: 10, 181) and odds of 
colonization 31 times higher (95% CI: 7, 133). Also, compared to doghouses made 
of mortared bricks or stones, guinea pig corrals with mortared stones or bricks had 
odds of colonization 1.3 times higher (95% CI: 3.9, 14.9), and guinea pig corrals 
with stacked stones or bricks had odds of infestation 8.5 times higher (95% CI: 
1.8, 39.4) and odds of colonization 7.7 times higher (95% CI: 1.7, 35.9). 
The vector density or count of vectors per corral varied greatly by ecotope. In 
Table 1.4 we see that, compared to the average number of vectors captured in 
doghouses made of mortared stones or bricks, the average number of vectors are 
higher in ecotopes that contain the following species: guinea pigs, rabbits, poultry, 
and mammals and poultry together. In some cases, the increase in the number of 
vectors is accentuated by the presence of specific materials such as stacked stones 
or bricks. Wire mesh showed different effects across ecotopes; in rabbit corrals 
and corrals with mammals and poultry together it was protective while in guinea 
pig or poultry corrals wire mesh increased the average number of vectors. 
Within households, the presence of sleeping humans in a room increased the odds 
of infestation by 4.6 times (95% CI: 1.8, 11.8) and the odds of colonization by 5 
times (95% CI: 1.8, 13.9) (Table 1.5). With each extra person sleeping in the room 
the odds of infestation increased by 1.7 times (95% CI: 1.2, 2.4) and the odds of 
colonization increased by 1.8 times (95% CI: 1.3, 2.4) (Table 1.5). The odds of 
infected vectors in houserooms were not associated with the presence of humans 
or the number of persons in the room. The number of houses that allowed 
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domestic animals to sleep inside was small, and no association was found between 
the presence of animals in human bedrooms and triatomine infestation, 
colonization or infection. 
 
2.5. Discussion 
In this work conducted in rural communities, the most infested ecotopes were 
corrals built with stacked stones or bricks and containing guinea pigs or no 
animals. Levy et al. [19], in a study that took place in a periurban community also 
located in the department of Arequipa, obtained similar results regarding guinea 
pigs and stacked stone corrals. The four communities that comprised our study 
area showed high levels of infestation and colonization in the peridomiciliary area, 
while infestation and colonization were lower in the domiciliary rooms. Almost all 
T. cruzi-carrying vectors were found in peridomiciliary animal corrals. These 
findings suggest a process of reinfestation that occurred after insecticide spraying 
in 1996 and started and grew in the peridomiciliary area. This reinfestation process 
was followed by reemergence of transmission, also in the peridomiciliary area. 
Lastly and more recently, T. cruzi-carrying vectors are present in the domiciliary 
rooms, probably by recent colonization of rooms (breeding within rooms) or by 
migrating insect individuals from peridomiciliary corrals into houserooms.  
The influence of ecotope characteristics on phenotypic expressions, such as color 
and size of the triatomine insects, has been suggested [35], but we did not perform 
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any phenotypic characterization of the captured vectors.  These ecotope-dependent 
phenotypic changes might influence reproductivity parameters as well, and might 
be related to the higher number of insects and higher indices of colonization of 
some ecotopes. A component of ecotopes is the animal species present (vector 
hosts). The effect of blood meal source on the variation in the levels of infestation 
should not be underestimated. Nattero et al. [36] found experimentally that T. 
infestans fed with guinea pig blood showed higher reproductive parameters 
compared to those fed with pigeon blood. 
Gaunt and Miles [32] suggested that Triatoma species are associated with rocky 
habitats or rodent burrows. In our study area there was an important presence of 
corrals made of mortared or stacked stones and bricks. The high count of vectors 
and nymph instars in these rocky habitats occupied by small mammals (guinea 
pigs and rabbits) reinforces the hypothesis of T. infestans adapted to these 
ecotopes. In Brazil, a study of peridomiciliary ecotopes reported high numbers of 
other Triatoma species, T. brasiliensis and T. pseudomaculata, found in straw 
roofs, roofing tiles, and brick piles and mainly associated with goat/sheep corrals 
[37]. They did not report the presence of domestic rodents in their study area, so 
the difference is likely related to the availability of animal hosts. 
The reservoir capacity represents the potential ability of a host to sustain 
transmission of a pathogen and it is determined by infectivity timing with vector 
activity, abundance of the reservoir, and contribution to infection in the vector. 
The high prevalence of T. cruzi in insects captured in guinea pig corrals and the 
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abundance of guinea pig corrals in the study area suggest a very high reservoir 
capacity. Reservoir competence is the ability of a host to make a pathogen 
available to a vector and it is related to reservoir capacity. Our team has shown 
under laboratory conditions that reservoir competence is high in guinea pigs with 
more than 90% of vectors infected when fed on guinea pigs and most infected 
guinea pigs being infectious for months (data not published). In corrals with only 
guinea pigs all vector activities are likely focused on feeding on guinea pigs, 
increasing the probability of infection and the overall vector population. The 
presence of other host species with lower reservoir competence might reduce the 
chances of vector becoming infected.  
The reduced prevalence of T. cruzi in insects captured in corrals containing small 
mammals cohabitant with poultry suggests that poultry has a high capacity of 
reducing the overall reservoir competence in a corral, a phenomenon that has been 
described in other infectious diseases as the “dilution effect” [38]. Birds are 
refractory to T. cruzi infection [39], and they can clear infection as fast as 7 
minutes after the parasite reaches bloodstream [40]. Experimentally, it has been 
shown that the presence of chickens around infected guinea pigs reduces T. cruzi 
infection in triatomine insects [26]. For that experiment the researchers did not 
place chicken and guinea pigs together in the same cage, but rather in individual 
cages close to each other. Based on our observations it is possible that this makes a 
difference in the effect of birds on infection level in the vectors. In the mixed 
corrals we surveyed in our study, insects have to choose to feed on guinea pigs or 
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poultry reducing the net transmission of the parasite. Moreover, positive insects 
that feed on poultry might clear the infection and become negative since birds 
blood contain immune complement that can lyse T. cruzi. Figure 1.5 depicts this 
potential infection-clearing mechanism and some of the key elements about that 
transmission system. 
We did not find any T. cruzi-infected vector in the infested corrals containing 
mammals and poultry. There were only eight of those corrals, but the observation 
deserves an elaboration of its potential causes. Zooprophylaxis has been defined 
by the World Health Organization as the diversion of pathogen carrying insects 
from humans to animals [41]. This dilution effect states that the increase of host-
species richness decreases the overall prevalence of the Borrelia burdorgferi and 
decrease risk of Lyme disease for humans [42]. In these rural areas where small-
scale economies promote productivity systems based on small animal species, an 
increase of mixed (poultry-mammal) corrals could help to decrease the prevalence 
of T. cruzi in vectors. This type of production system has proven to be cost-
effective in rural areas of the Andes where guinea pigs in combination with other 
small species are raised [43], and is already practice by many dwellers in the 
Andes. Therefore, its promotion and implementation should not face cultural or 
economic resistance. 
Importantly, empty corrals were the peridomiciliary enclosures most infested with 
and colonized by vectors, and highly infected with T. cruzi. Similarly, in Parana, 
Brazil, uninhabited houses were the most infested structures by different 
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triatomine species, and they were followed by chicken coops [44]. In anecdotal 
conversations with dwellers in our study area we learned that the turnover of 
domestic animals is high and, in some cases, it is seasonal. During the dry season 
the price of pasture increases, so some small farmers decide to slaughter their farm 
animals and wait until the dry season ends to obtain and raise new farm animals. 
The high and seasonal turnover of domestic animals might explain the high 
presence of vectors in empty corrals. The high presence of T. cruzi-carrying 
vectors in empty and guinea pig corrals suggests that guinea pigs occupied those 
empty corrals before we conducted the study. This indicates that after insecticide 
spraying surveillance should focus heavily on empty and guinea pig corrals, built 
with stacked or mortared stones and bricks. 
We observed a positive association between infestation and colonization in 
houserooms and the presence and number of persons sleeping in the room. In 
Argentina, the presence of dogs and cats within houses was associated with an 
increased number of vectors and infected vectors within the houses [10]. In our 
study we did not observe such association. There was a small number of domestic 
animals that slept within the houses in this study area. That might have reduced 
the migration of vectors from the peridomicilary area into the domiciliary area and 
posterior colonization.  
As with any observational study, our findings should be observed with caution. 
What we observed was a snapshot of a dynamic system in which vector 
populations, domestic animal presence, and transmission of the parasite might be 
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changing. We did not collect information on which domestic animal species 
habited the empty animal corral before our study was conducted. The presence of 
triatomine predators such as geckos, spiders, and scorpions could also shape the 
vector population in the area, but we did not collect information on those 
predators. There is also the possibility of threats to accuracy during fieldwork and 
lab work. During the entomological surveys in the field, some animal enclosures 
could have been defined as non-infested because fieldworkers did not detect the 
presence of triatomines. This is known as non-detection bias in ecology and, in our 
case, might be associated with the quantity of vectors in an area and the 
developmental stage of the vectors. Finally, the parasitological analysis in the lab 
to detect T. cruzi was done by direct microscopy. Compared to PCR analysis this 
method has 91% sensitivity and 80% specificity; therefore, some false positives 
and false negative could be expected. 
 
2.6. Conclusions 
The high colonization indices suggest that the infestation by Triatoma infestans 
was well established and must have begun many years ago, but not further than 
1996 when the study area was first sprayed with residual insecticide [30]. It is 
clear that peridomiciliary animals, guinea pigs in particular, and corrals not made 
of wire mesh are important risk factors for the presence of triatomine insects and 
T.cruzi-carrying triatomine insects. However, keeping small animals in the 
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surroundings of the house is an important source of protein for rural families, and 
raising guinea pigs for human consumption is a common and long-standing 
custom in Arequipa. Birds cannot transmit the parasite, but in out study raising 
poultry was also associated with abundance of T. infestans. For this reason, vector 
control programs in endemic areas will benefit from encouraging the use of wire 
mesh enclosures for all food animals, promoting raising animals other than guinea 
pigs, and including empty corrals in the vector surveillance activities. 
 
2.7. Acknowledgements 
We thank our field and laboratory teams in Arequipa. We gratefully acknowledge 
the work of the following organizations that have organized and conducted the 
Chagas disease control program in Arequipa: Ministerio de Salud del Perú 
(MINSA), the Dirección General de Salud de las Personas (DGSP), the Estrategia 
Sanitaria Nacional de Prevención y Control de Enfermedades Metaxénicas y Otras 
Transmitidas por Vectores (ESNPCEMOTVS), the Dirección General de Salud 
Ambiental (DIGESA), the Gobierno Regional de Arequipa, the Gerencia Regional 
de Salud de Arequipa (GRSA), the Pan American Health Organization 
(PAHO/OPS) and the Canadian International Development Agency (CIDA). We 






1. World Health Organization (2014) Chagas disease (American 
trypanosomiasis). Media center, editor WHO. Available: 
http://www.who.int/mediacentre/factsheets/fs340/en/. 
2. Remme JHF, Feenstra P, Lever PR, Medici AC, Morel CM, et al. (2002) 
Tropical Diseases Targeted for Elimination : Chagas Disease , Lymphatic 
Filariasis , Onchocerciasis , and Leprosy. In: Jamison DT, Breman JG, 
Meashan AR, Alleyne G, Claeson M, et al., editors. Disease Control 
Priorities in Developing Countries. Washington, D.C.: World Bank. pp. 
433–450. 
3. PAHO (2006) Quantitative Estimation of Chagas Disease in the Americas. 
Montevideo, Uruguay. 
4. Delgado S, Ernst KC, Pumahuanca MLH, Yool SR, Comrie AC, et al. 
(2013) A country bug in the city: urban infestation by the Chagas disease 
vector Triatoma infestans in Arequipa, Peru. Int J Health Geogr 12: 48. 
doi:10.1186/1476-072X-12-48. 
5. Levy MZ, Small DS, Vilhena DA, Bowman NM, Kawai V, et al. (2011) 
Retracing Micro-Epidemics of Chagas Disease Using Epicenter Regression. 
PLoS Comput Biol 7: e1002146. doi:10.1371/journal.pcbi.1002146. 
6. Franco-Paredes C, Von A, Hidron A, Rodríguez-Morales AJ, Tellez I, et al. 
(2007) Chagas disease: an impediment in achieving the Millennium 
Development Goals in Latin America. BMC Int Health Hum Rights 7: 7. 
doi:10.1186/1472-698X-7-7. 
7. Bern C, Kjos S, Yabsley MJ (2011) Trypanosoma cruzi and Chagas' disease 
in the United States. Clinical microbiology (24) 4: 655-681 
8. Barr SC (2009) Canine Chagas' disease (American trypanosomiasis) in 
North America. The Veterinary clinics of North America Small animal 
practice 39: 1055–1064, v–vi. 
9. Crisante G, Rojas A, Teixeira MMG, Añez N (2006) Infected dogs as a risk 
factor in the transmission of human Trypanosoma cruzi infection in western 
Venezuela. Acta Tropica 98: 247–254. 
10. Gürtler RE, Cécere MC, Lauricella MA, Cardinal MV, Kitron U, et al. 
(2007) Domestic dogs and cats as sources of Trypanosoma cruzi infection in 
 35 
rural northwestern Argentina. Parasitology 134: 69–82. 
11. Lima MM, Sarquis O, de Oliveira TG, Gomes TF, Coutinho C, et al. (2012) 
Investigation of Chagas disease in four periurban areas in northeastern 
Brazil: epidemiologic survey in man, vectors, non-human hosts and 
reservoirs. Trans R Soc Trop Med Hyg 106: 143–149. 
12. Pineda V, Saldaña A, Monfante I, Santamaría A, Gottdenker NL, et al. 
(2011) Prevalence of trypanosome infections in dogs from Chagas disease 
endemic regions in Panama, Central America. Vet Parasitol 178: 360–363. 
13. Ramírez JD, Turriago B, Tapia-Calle G, Guhl F (2013) Understanding the 
role of dogs (Canis lupus familiaris) in the transmission dynamics of 
Trypanosoma cruzi genotypes in Colombia. Vet Parasitol: 2010–2013. 
14. Gürtler RE, Cohen JE, Cecere MC, Chuit R (1997) Shifting Host Choices of 
the Vector of Chagas Disease, Triatoma Infestans, in Relation to the 
Availability of Host in Houses in North-West Argentina. The Journal of 
Applied Ecology 34: 699. doi:10.2307/2404917. 
15. Gorla DE, Abrahan L, Hernández ML, Porcasi X, Hrellac HA, et al. (2013) 
New structures for goat corrals to control peridomestic populations of 
Triatoma infestans (Hemiptera: Reduviidae) in the Gran Chaco of 
Argentina. Memórias do Instituto Oswaldo Cruz 108. doi:10.1590/S0074-
02762013000300014. 
16. Balan LU, Yerbes IM, Piña MAN, Balmes J, Pascual A, et al. (2011) Higher 
seroprevalence of Trypanosoma cruzi infection in dogs than in humans in an 
urban area of Campeche, Mexico. Vector borne and zoonotic diseases 
(Larchmont, NY) 11: 843–844. 
17. Cohen JE, Gürtler RE (2001) Modeling household transmission of 
American trypanosomiasis. Science (New York, NY) 293: 694–698. 
18. Jimenez-Coello M, Ortega-Pacheco A, Guzman-Marin E, Guiris-Andrade 
DM, Martinez-Figueroa L, et al. (2010) Stray Dogs as Reservoirs of the 
Zoonotic Agents Leptospira interrogans, Trypanosoma cruzi, and 
Aspergillus spp. in an Urban Area of Chiapas in Southern Mexico. Vector-
Borne and Zoonotic Diseases 10: 135–141. 
19. Levy MZ, Bowman NM, Kawai V, Waller LA, Cornejo del Carpio JG, et al. 
(2006) Periurban Trypanosoma cruzi– infected Triatoma infestans, 
Arequipa, Peru. Emerg Infect Dis 12: 1345–1352. 
20. Mott KE, Mota EA, Sherlock I, Hoff R, Muniz TM, et al. (1978) 
 36 
Trypanosoma cruzi infection in dogs and cats and household seroreactivity 
to T. cruzi in a rural community in northeast Brazil. Am J Trop Med Hyg 
27: 1123–1127. 
21. Stahl P (2003) Pre-Columbian Andean animal domesticates at the edge of 
empire. World Archaeology 34: 470–483. 
doi:10.1080/0043824021000026459. 
22. Monteiro FA, Pérez R, Panzera F, Dujardin JP, Galvão C, et al. (1999) 
Mitochondrial DNA variation of Triatoma infestans populations and its 
implication on the specific status of T. melanosoma. Memórias do Instituto 
Oswaldo Cruz 94 Suppl 1: 229–238. 
23. Noireau F, Diosque P, Jansen AM (2009) Trypanosoma cruzi: adaptation to 
its vectors and its hosts. Vet Res 40: 26. doi:10.1051/vetres/2009009. 
24. Herrer A (1955) Trypanosomiasis americana en el Perú: I. El insector vector 
y los animales que actúan de reservorio de la enfermedad de Chagas en la 
región sudoccidental. Revista Peruana de Medicina Experimental y Salud 
(9) 1,2: 23-37.  
25. Herrer A (1955) Trypanosomiasis americana en el Perú: III. Importancia del 
cobayo como reservorio de la enfermedad de Chagas en la región 
sudoccidental. Revista Peruana de Medicina Experimental y Salud (9) 1: 45-
55. 
26. Vázquez DP, Canale D, Gürtler RE (1999) Effects of non-susceptible hosts 
on the infection with Trypanosoma cruzi of the vector Triatoma infestans: 
an experimental model. Memórias do Instituto Oswaldo Cruz 94: 413–419. 
27. Gürtler RE, Cohen JE, Cécere MC, Lauricella MA, Chuit R, et al. (1998) 
Influence of humans and domestic animals on the household prevalence of 
Trypanosoma cruzi in Triatoma infestans populations in northwest 
Argentina. Am J Trop Med Hyg 58: 748–758. 
28. Dias JCP (2007) Southern Cone Initiative for the elimination of domestic 
populations of Triatoma infestans and the interruption of transfusional 
Chagas disease. Historical aspects, present situation, and perspectives. 
Memórias do Instituto Oswaldo Cruz 102 Suppl: 11–18. 
29. Espinoza N, Borrás R, Abad-Franch F (2014) Chagas disease vector control 
in a hyperendemic setting: the first 11 years of intervention in cochabamba, 
bolivia. PLoS Negl Trop Dis 8: e2782. doi:10.1371/journal.pntd.0002782. 
30. Delgado S, Castillo Neyra R, Quispe Machaca VR, Ancca Juárez J, Chou 
 37 
Chu L, et al. (2011) A history of chagas disease transmission, control, and 
re-emergence in peri-rural La Joya, Peru. PLoS Negl Trop Dis 5: e970. 
doi:10.1371/journal.pntd.0000970. 
31. Whittaker RH, Levin SA, Root RB (1973) Niche, habitat, and ecotope. 
American Naturalist 107: 321–338. 
32. Gaunt M, Miles M (2000) The ecotopes and evolution of triatomine bugs 
(triatominae) and their associated trypanosomes. Memórias do Instituto 
Oswaldo Cruz 95: 557–565. Available: 
http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=1
0904415&retmode=ref&cmd=prlinks. 
33. Brenière SF, Bosseno MF, Telleria J, Carrasco R, Vargas F, et al. (1995) 
Field application of polymerase chain reaction diagnosis and strain typing of 
Trypanosoma cruzi in Bolivian triatomines. Am J Trop Med Hyg 53: 179–
184. 
34. Gürtler RE, Cécere MC, Lauricella MA, Cardinal MV, Kitron U, et al. 
(2007) Domestic dogs and cats as sources of Trypanosoma cruzi infection in 
rural northwestern Argentina. Parasitology 134: 69–82. 
doi:10.1017/S0031182006001259. 
35. Batista V, Fernandes FA, Cordeiro-Estrela P, Sarquis O, Lima MM (2012) 
Ecotope effect in Triatoma brasiliensis (Hemiptera: Reduviidae) suggests 
phenotypic plasticity rather than adaptation. Medical and Veterinary 
Entomology 27: 247–254. doi:10.1111/j.1365-2915.2012.01043.x. 
36. Nattero J, Leonhard G, Rodríguez CS, Crocco L (2011) Influence of the 
quality and quantity of blood ingested on reproductive parameters and life-
span in Triatoma infestans (Klug). Acta Tropica 119: 183–187. 
doi:10.1016/j.actatropica.2011.05.015. 
37. Sarquis O, Sposina R, de Oliveira TG, Mac Cord JR, Hernan Cabello P, et 
al. (2006) Aspects of peridomiciliary ecotopes in rural areas of Northeastern 
Brazil associated to triatomine (Hemiptera, Reduviidae) infestation, vectors 
of Chagas disease. Memórias do Instituto Oswaldo Cruz 101: 143–147. 
38. LoGiudice K, Ostfeld RS, Schmidt KA, Keesing F (2003) The ecology of 
infectious disease: effects of host diversity and community composition on 
Lyme disease risk. Proc Natl Acad Sci USA 100: 567–571. 
doi:10.1073/pnas.0233733100. 
39. Minter-Goedbloed E, Croon JJ (1981) The susceptibility of chickens to 
Trypanosoma (Schizotrypanum) cruzi. Trans R Soc Trop Med Hyg 75: 350–
 38 
353. 
40. Kierszenbaum F, Gottlieb CA, Budzko DB (1981) Antibody-independent, 
natural resistance of birds to Trypanosoma cruzi infection. J Parasitol 67: 
656–660. 
41. WHO (1982) Manual on Environmental Management for Mosquito Control, 
with Special Emphasis on Malaria. World Health Organization, Geneva. 
42. Schmidt KA, Ostfeld RS (2001) Biodiversity and the dilution effect in 
disease ecology. Ecology 82: 609–619. doi:10.1890/0012-
9658(2001)082[0609:BATDEI]2.0.CO;2. 
43. Paterson RT, Joaquín N, Chamón K, Palomino E (2001) The Productivity of 
Small Animal Species in Small-scale Mixed Farming Systems in 
Subtropical Bolivia. Tropical Animal Health and Production 1: 1–14. 
44. Guilherme AL, Pavanelli GC, Silva SV, Costa AL, de Araújo SM (2001) 
Secondary triatomine species in dwellings and other nearby structures in 
municipalities under epidemiological surveillance in the state of Paraná, 








Table 1.1. Infestation, colonization and infection levels by ecotopes 
Ecotopes N % Infested % Colonized % Infected  
Peri-domiciliary 1813 11.4 9.8 28.5 
Poultry 486 6.6 5.6 21.9 
Dogs 275 4.0 3.3 18.2 
Guinea pig 265 12.8 12.1 44.1 
Small mammals and 
Poultry 
113 7.1 6.2 0.0 
Cat 85 1.2 1.2 0.0 
Sheep 66 9.1 6.1 33.3 
Rabbit 53 15.1 13.2 12.5 
Pig 43 4.7 4.7 0.0 
Cow 33 3.0 3.0 0.0 
Other species 41 0.0 0.0 NA 
Empty 353 29.5 24.9 30.8 
Domiciliary 3596 5.4 3.8 10.8 
Bedroom 1196 9.1 6.5 7.3 
Storage room 585 4.3 3.1 16.0 
Bathroom 536 0.6 0.2 33.3 
Kitchen 516 2.7 1.2 21.4 
Living room 125 1.6 0.8 0.0 
Dinning room 90 1.1 1.1 0.0 
Other 548 7.5 5.8 12.2 
Total 5409 7.4 5.8 19.9 
Infested: presence of T. infestans, Colonized: presence of any nymphal stage of T. 









Table 1.2. Factors associated with presence of vectors estimated with logistic regression models 
 
Infestation: 
Presence of any stage of  
T. infestans 
Colonization: 
Presence of nymph 
instar 
Infection: 
Presence of T. cruzi-
infected vector 
Associated factor OR (95% CI) p 
OR (95% 
CI) p 
OR (95% CI) p 
Animal species       
    Dog Reference -- Reference -- Reference  
    Guinea pig 3.5 (1.8, 7.1)  <0.01 3.7 (1.8, 7.6) <0.01 3.6 (0.7, 19.0)  0.13 
    Rabbit 4.3 (1.6, 11.2)  <0.01 4.0 (1.6, 10.4) <0.01 0.6 (0.1, 8.6) 0.74 
    Mammal and Poultry 1.8 (0.7, 4.7)  0.21 1.9 (0.7, 5.0) 0.19 0.0 (0.0, 10.0) 0.99 
    Poultry 1.7 (0.8, 3.4)  0.14 1.7 (0.8, 3.6) 0.16 1.3 (0.2, 7.2) 0.80 
    Empty 10.0 (5.3, 19.1)  <0.01 7.6 (3.9, 14.9) <0.01 2.0 (0.4, 9.8)  0.39 
Construction materials       
    Adobe Reference 0.03 Reference --   
    Stacked brick or stone 1.3 (0.3, 5.7)  0.77 1.0 (0.3, 3.6) 1.00   
    Corrugated material 0.6 (0.1, 3.5)  0.61 0.7 (0.2, 2.9) 0.60   
    Mortared brick or 
stone 0.5 (0.1, 2.6)  0.44 0.5 (0.1, 1.8) 0.26 
  
    Stucco 0.2 (0.0, 2.6)  0.22 0.0 (0.0, 0.0) 0.97   
    Wire mesh only 0.3 (0.1, 1.5)  0.16 0.4 (0.1, 1.4) 0.13   
    Wood 0.4 (0.1, 2.1) 0.28 0.4 (0.1, 1.5) 0.16   
    Other material or     
    combination 0.5 (0.1, 2.7)  0.45 0.5 (0.1, 1.9) 0.30 
  
Insecticide applied 
within last 6 months 1.0 (1.0, 1.0) 0.49 0.9 (0.6, 1.4) 0.54 
  
Time since construction 
of corral in years 1.0 (1.0, 1.0)  0.24 1.0 (0.9, 1.0) 0.31 
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Table 1.3. Factors associated with density of vectors estimated with zero-inflated negative binomial regression and 
zero-inflated Poisson regression models 
 All T. infestans  5
th




 Associated factor 
Mean ratio 
(95% CI) p 
Mean ratio (95% 
CI) p 
Mean ratio (95% 
CI) 
p 
Animal Species        
    Dog Reference -- Reference -- Reference  
    Guinea pig 25.4 (9.7, 66.5)  <0.01 127.3 (34.4, 471.3)  <0.01 218.2 (54.1, 874.4)  <0.01 
    Rabbit 2.0 (0.4, 10.9)  0.41 2.6 (0.3, 25.2)  0.41 2.1 (0.3, 12.3) 0.43 
    Mammal and Poultry 1.3 (0.4, 4.5)  0.72 2.8 (0.5, 16.0)  0.24 0.0 (0.0, 1.6) 0.94 
    Poultry 4.1 (1.8, 9.5)  0.00 23.0 (6.8, 77.6)  <0.01 0.8 (0.2, 2.7) 0.75 
    Empty 8.9 (3.6, 22.0) <0.01 21.4 (6.1, 75.8)  <0.01 6.5 (1.6, 26.3) <0.01 
Construction materials       
    Adobe Reference --     
    Stacked brick or stone 1.3 (0.1, 36.7)  0.88 NE  3.3 (1.1, 10.4) 0.04 
    Corrugated material 2.2 (0.1, 84.6)  0.66 NE  1.9 (0.6, 6.4) 0.30 
Mortared brick or stone 0.3 (0.0, 7.7)  0.43 NE  0.3 (0.1, 0.9) 0.04 
    Stucco 0.0 (0.00, 0.8)  0.04 NE  0.0 (0.0, 7.6) 0.95 
    Wire mesh only 0.8 (0.0, 23.1)  0.89 NE  18.8 (6.0, 58.4) <0.01 
    Wood 0.2 (0.0, 5.6)  0.32 NE  0.53 (0.1, 2.0) 0.35 
    Other material or    
    combination 0.3 (0.0, 8.6)  0.46 NE  
  
Insecticide applied within 
last 6 months 1.0 (0.4, 2.6)  0.99 1.1 (0.4, 3.2) 0.89 
 
1.9 (1.7, 2.1) 
 
<0.01 
Time since construction of 
corral in years 1.0 (0.9, 1.1)  0.71 1.0 (0.9, 1.2)  0.39 
 
1.0 (0.9, 1.1) 
 
0.12 
NE: Not estimable  
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Table 1.4. Association between ecotopes and presence of vectors and parasite estimated with logistic and zero-
inflated Poisson regression models 
 
Infestation: 




All T. infestans 
Ecotope OR (95% CI) p OR (95% CI) p 




    Dog and mortared stone/brick Reference -- Reference -- Reference -- 
    Dog and stacked stone/brick 2.6 (0.5, 12.7)  0.23 2.3 (0.5, 11.2) 0.32 9.7 (4.7, 19.8) <0.01 
    Empty and other materials 15.9 (3.4, 74.2)  <0.01 11.3 (2.4, 54.1) <0.01 34.0 (16.7, 69.1) <0.01 
    Empty and stacked stone/brick 42.3 (9.9, 180.8)  <0.01 31.3 (7.3, 133.4) <0.01 86.7 (43.3, 173.8) <0.01 
    Empty and wire mesh 1.7 (0.3, 9.0)  0.53 1.7 (0.3, 9.0) 0.53 1.8 (0.8, 4.0) 0.18 
    Guinea pig and mortared  
    stone/brick 1.3 (0.1, 14.5)  0.85 1.3 (3.9, 14.9) <0.01 
 
60.0 (29.6, 121.7) <0.01 
    Guinea pig and stacked 
    stone/brick 8.5 (1.8, 39.3) <0.01 7.7 (1.7, 35.9) <0.01 
 
151.8 (75.8, 303.4) <0.01 
    Guinea pig and wire mesh 4.8 (1.1, 21.6) 0.04 4.8 (1.1, 21.6) 0.04 104.8 (52.3, 209.9) <0.01 
    Mammal and poultry and     
    mortared stone/brick 3.0 (0.4, 22.2)  0.29 1.4 (0.1, 16.3) 0.78 
 
1.4 (0.42, 4.65) 0.58 
    Mammal and poultry and    
    stacked stone/brick 4.3 (0.8, 22.4)  0.08 4.3 (0.8, 22.4) 0.08 
 
10.7 (5.1, 22.4) <0.01 
    Mammal and poultry and  
    wire mesh 0.0 (0.0, >10) 0.99 0.0 (0.0, >10) 0.98 0.0 (0.0, >10) 0.98 
    Poultry and mortared  
    stone/brick 3.5 (0.7, 18.1)  0.13 2.9 (0.5, 15.4) 0.22 
 
1.6 (0.7, 4.0) 0.28 
    Poultry and stacked stone/brick 4.2 (0.9, 19.1)  0.07 2.8 (0.6, 13.3) 0.20 52.6 (26.2, 105.7) <0.01 
    Poultry and wire mesh 1.8 (0.4, 8.4) 0.47 1.8 (0.4, 8.4) 0.47 9.0 (4.4, 18.2) <0.01 
    Rabbit and other material 13.6 (1.6, 117.9)  0.02 13.6 (1.6, 117.9) 0.02 36.3 (16.6, 79.3) <0.01 
    Rabbit and wire mesh  0.0 (0.0, >10) 0.98 0.0 (0.0, >10) 0.98 0.0 (0.0, >10) 0.93 
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Table 1.5. Factors associated with presence of T. infestans in bedrooms estimated with logistic regression models 




OR* (95% CI) p OR* (95% CI) p 
Presence of humans 4.6 (1.8, 11.8) <0.01 5.0 (1.8, 13.9) <0.01 1.1 (0.2, 5.7) 0.88 
Number of humans 1.7 (1.2, 2.4) <0.01 1.8 (1.3, 2.4) <0.01 1.2 (0.7, 1.9) 0.53 






Figure 1.1. Presence of Triatoma infestans in animal corrals 
 
Infestation refers to the presence of any T. infestans individual and colonization 
refers to the presence of any nymph instar of T. infestans. The “n” is the number of 







































Figure 1.2. Presence of Trypanosoma cruzi-infected T. infestans in animal 
corrals 
 
Infestation refers to the presence of T. cruzi in any T. infestans individual and 
colonization refers to the presence of T. cruzi in juvenile T. infestans (any nymph 









































Cell color represents the proportion of corrals built with a specific material among 
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Figure 1.4. Number of total triatomines captured, total nymph instars captured and total T. cruzi-infected captured 









































Figure 1.5. Model of poultry, guinea pigs, triatomine vectors and 
Trypanosoma cruzi transmission. 
 
 
S: susceptible individuals in each animals species; I: T. cruzi-infected individuals 
in each animals species; R: individuals resistant to T. cruzi infection. Solid lines 
denote change of states and dotted lines denote interaction between species that 
lead to changes in state. 
  
Ricardo Castillo
change mortality rate neither in mammals nor in bugs. We also assume that population of birds 
is constant. There is potential for congenital transmission in mammals but its probability is 
negligible and we are not including that component in our model.!
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Table 1. Parameters that will be included in the model.!
!
Mathematical models have improved greatly our understanding of infectious disease 
transmission and enable us to test potential complex scenarios. I hope that my research will 
help us to understand a new piece of the specific biological system of Chagas disease, and also 
that its insights can be useful for the control of other vector-borne diseases. Some years ago I 
had many questions about Chagas disease epidemiology that I did not know how to answer. 
Now, I feel confident that the methods I have learned at the Johns Hopkins School of Public 
Health will allow me to succeed in studying this and other tropical diseases in my home country.
Parameters Description
Ωgb Probability of transmission per bite from guinea pig to bug
Ωbg Probability of transmission per bite from bug to guinea pig 
r Biting rate
h Host preference
g Clearance rate of vectors
µ Birth and mortality rate of guinea pigs
v Birth rate of vectors







3. Dog seroprevalence of Trypanosoma cruzi: Potential animal 
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Background: Chagas disease, a vector-borne disease transmitted by triatomine 
bugs and caused by the parasite Trypanosoma cruzi, affects millions of people in 
the Americas. In Arequipa, Peru, indoor residual insecticide spraying campaigns 
are routinely conducted to eliminate Triatoma infestans, the only triatomine vector 
in this area. After insecticide spraying, there is risk of vector return and reinitiation 
of parasite transmission. Dogs are important reservoirs of T. cruzi and may play a 
role in reinitiating transmission in previously sprayed areas. Dogs may also serve 
as indicators of re-emergent transmission in an area.  
Methods: We conducted a cross-sectional serological screening to detect T. cruzi 
antibodies in dogs, in conjunction with an entomological vector collection survey 
at the household level, in a disease endemic area that had been treated with 
insecticide 12 years prior. Spatial clustering of infected animals and vectors was 
determined using K-function difference, and the odds of being seropositive for 
dogs proximate to infected colonies was estimated with multivariate logistic 
regression.  
Results: There were 106 triatomine-infested houses (41.1%), and 45 houses 
infested with T. cruzi-infected triatomine insects (17.4%). Canine seroprevalence 
in the area was 12.3% (n=154); all seropositive dogs were 9 months old or older. 
We observed clustering of vectors carrying the parasite, but no clustering of 
seropositive dogs. The adjusted odds ratio between seropositivity to T. cruzi and 
proximity to an infected triatomine (≤50m) was 5.67 (95% CI: 1.12 – 28.74; 
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p=0.036).   
Conclusions: Targeted control of re-emerging disease can be achieved by 
improved understanding of T. cruzi in canine populations. Our results suggest that 
dogs may be useful sentinels to detect re-initiation of transmission following 
insecticide treatment. Integration of canine T. cruzi blood sampling into existing 
interventions for zoonotic disease control (e.g. rabies vaccination programs) can 
be an effective method of increasing surveillance and improving understanding of 
disease distribution.  
Keywords: Dog, ELISA, Triatoma infestans, Trypanosoma cruzi, Sentinel 





American trypanosomiasis, or Chagas disease, is a parasitic disease that affects 7 
to 8 million people in The Americas [1], of which approximately 192,000 are 
Peruvian [2]. Most people infected with Trypanosoma cruzi, the parasite that 
causes Chagas disease, have mild or no symptoms during the acute phase of the 
disease (shortly after infection), and pass into the chronic phase of infection 
without being detected [3,4]. In the chronic phase, most infected individuals show 
no signs or symptoms and are considered to have the indeterminate form of the 
disease. However, it is estimated that 20 to 30% of those infected will develop 
cardiac or digestive forms of Chagas disease, usually decades after infection [3,4]. 
Clinical disease cannot be reversed and is often fatal [3-5]. Due to these 
characteristics, preventing new human cases is imperative to control Chagas as a 
public health problem. 
The T. cruzi parasite is transmitted by triatomine insects that feed on humans and 
other mammals; reducing vector populations by insecticide spraying is one of the 
most effective approaches [6] to reducing parasite transmission and preventing 
human cases of Chagas disease. However, after an area is sprayed with insecticide, 
the residual effect of the insecticide fades over time and the process of vector 
return can begin [7]. After triatomine vectors colonize the area again, re-
emergence of T. cruzi transmission may occur, increasing the risk for humans. 
Thus reinfestation and re-emergence of transmission are threats to vector control 
programs and prevention of Chagas disease. 
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Many species of triatomine bugs are able to transmit T. cruzi [8], but in the 
southern state of Arequipa, Peru, Triatoma infestans is the only insect vector for 
the parasite [9]. In 1999 the Ministry of Health (MoH) of Peru began systematic 
campaigns of insecticide spraying in areas affected by triatomines [10]. These 
campaigns, like many in Latin America, were conducted without comprehensive 
information on the extent of T. cruzi transmission in the area [10].  
In the district of La Joya, Arequipa, our study team found that parasite 
transmission was interrupted in 1996 [11]. However, in the years leading up to 
2008, dwellers of La Joya reported vector reinfestation in the area. In 2008, the 
MoH conducted an insecticide spraying campaign and, in collaboration with the 
MoH, our study team captured 2,070 triatomine vectors in human dwellings and 
7,487 triatomine vectors in peridomestic areas. Interestingly, 96.7% of T. cruzi-
carrying triatomine insects were captured in peridomestic areas (unpublished 
data). We also found that out of more than 500 humans 18 years or younger only 5 
were infected in this area [11]. These findings led to the hypothesis that after 
vector reinfestation was established in La Joya, T. cruzi transmission was initiated 
in the peridomiciliary areas, where several domestic animal species can be found.  
T. cruzi can infect a variety of animals, and several species have been identified as 
reservoirs and/or carriers of the parasite. Wild mammals such as opossums, 
raccoons, skunks, armadillos, mice, rats and other rodents have been reported as T. 
cruzi reservoirs [12-14]. Among domestic animals, dogs have been implicated in 
several studies as reservoirs of T. cruzi [15-18] and may play an important 
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intermediary role in the transmission of the parasite to humans [19]. 
Because infection of dogs with the parasite occurs by vectorial transmission as 
well as by the oral route (dogs eating insects or infected mammals) [20,21], and 
taking into account that triatomine insects show a preference to feed on dogs [22], 
it is likely that in the process of reemergence of T. cruzi, dogs may become 
infected earlier than humans. In addition, dogs tend to live more proximate to 
humans compared to other animals, such as cattle or poultry. Therefore, 
identification of infected dogs and the factors that promote or hinder their 
infection is necessary for preventing human infection and describing the potential 
role of dogs as early indicators of re-emerging transmission. The objectives of this 
study were to (i) estimate the seroprevalence of T. cruzi in domestic dogs in an 
area where T. cruzi transmission is re-emerging after insecticide spraying, and (ii) 
to characterize the spatial association of infected dogs with the distribution of T. 
cruzi-infected T. infestans in an area of re-emergent T. cruzi transmission. 
 
3.3. Methods 
3.3.1. Ethical statement 
Universidad Peruana Cayetano Heredia granted ethical approval for animal 
inclusion in the study. All protocols that involved animals were reviewed and 
approved by the Institutional Animal Care and Use Committee. 
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3.3.2. Location and study population 
The study was conducted in the village of La Joya, which is located 30.7 km west 
(Euclidean distance) of the city of Arequipa, the capital of the state of the same 
name. La Joya sits at an altitude of 1617 m, has an average temperature of 18°C 
(range 10°C to 35°C), humidity ranging between 20% and 85%, and a marked 
rainy season. The residents of La Joya raise domestic animals for various uses. In 
addition to livestock and poultry, many families also keep dogs for protection 
and/or company, but not for hunting, which might expose dogs to T. cruzi-infected 
animals. The study area is historically endemic for Chagas disease; in 1996 the 
MoH conducted indoor residual spraying with insecticide for triatomine vector 
control. Over the 12 years that followed, insect reinfestation in the area led to a 
reemergence of T. cruzi transmission [11], and the area was treated again in 2008. 
3.3.3. Study design and collection of biological data 
Canine data 
In July 2008, in coordination with the MoH we conducted a cross-sectional study 
in Villa La Joya, a community within La Joya district. A house-to-house animal 
census to collect age and sex of dogs and to assign a unique code to each animal 
was performed. Following the census, field veterinarians collected blood samples 
(1-3 cc) by phlebotomy from the saphenous or cephalic veins. Blood samples were 
processed in our local laboratory in Arequipa. Samples were centrifuged, and 
serum was aliquoted and stored at -20 C. Sera was sent to Lima and serological 
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diagnosis, using an in house enzyme-linked immunosorbent assay (ELISA) 
previously standardized for dogs in Peru, was performed in the Research and 
Development Laboratory in Universidad Peruana Cayetano Heredia. 
Entomological data 
In August 2008, the MoH carried out a vector control campaign to spray 
insecticide in the district of La Joya, Arequipa, Peru. During the application of the 
insecticide in houses triatomine vectors are repelled by the chemical and emerge 
from their hiding places. In collaboration with the MoH, field workers followed 
the sprayers and collected triatomine insects from Villa La Joya. Each house was 
searched for triatomine insects for one person-hour. The rooms or animal pens 
where the search took place were given a unique code for identification. For 
purpose of analysis, all vectors caught in a single room or animal pen were 
assumed to comprise a single colony. Identified vectors were sent to our local 
laboratory in the city of Arequipa for parasitological analysis. Infection with T. 
cruzi was determined by direct microscopic observation. Briefly, a few drops of 
triatomine rectal contents were obtained by application of abdominal pressure, 
diluted with saline solution, and compressed between a glass slide and cover slip. 
The presence of mobile parasites in 50 microscopic fields was evaluated at 40X 
magnification. 
Spatial data 
The geographic location of the 258 houses in the study area, the rooms within 




 [23] to field maps drawn by our fieldworkers. Data from dogs 
were linked to the house location and triatomines data were linked to the animal 
pens or rooms where they were found. We implemented a Geographic Information 
System (GIS) in ArcGIS 9.0 [24] to link dog and triatomine data and to select 
datasets for analyses. 
3.3.4. Statistical methods 
Household locations were mapped to visualize the distribution of sampled, 
unsampled, and seropositive dogs. The location of pens and rooms where 
entomological surveys were conducted were also mapped to visualize the 
distribution of surveyed enclosures, infested enclosures, and T.cruzi-infected 
colonies. The ratios of the spatial intensity of seropositive dogs versus 
seronegative dogs and positive insect colonies versus negative insect colonies 
were evaluated with quartic kernels with bandwidths of 100 meters, the average 
length of a city block in La Joya. Spatial clustering of seropositive dogs and 
infected insect colonies was assessed using the K function difference [25].  
Subsequently, we used a GIS to determine which dogs lived within 20m, 30m, 40, 
50m, and 60 of T. cruzi-infected triatomines. This dichotomous variable (live or 
not live proximate to triatomines infected with T. cruzi) under different distances 
was used as an explanatory variable to examine serologic status of dogs using 
multivariate logistic regression. We used Akaike and Bayesian Information 
Criteria (AIC, BIC) for model selection and to determine which of these distances 
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was the best fit. The total number of triatomines and the number of infected 
triatomines found in the dog’s household were also evaluated as explanatory 
variables for dog seropositivity to T. cruzi. Age and sex of dogs were included in 
the models as adjusting variables. Multivariate logistic regressions and exploratory 
spatial data analyses were performed with R [26], and all statistical analyses were 
evaluated with a significance level of 0.05. 
 
3.4. Results 
One hundred and seventy-five dogs lived in the study area and were distributed 
across 150 households. We obtained blood samples from 154 dogs distributed in 
127 households (sampled dogs = 88.0%; household participation rate = 84.7%). 
Increasing dog age was associated with lower participation in blood sampling. The 
sampled dogs were distributed over the study area and participation did not appear 
to be aggregated in a particular area in this study (Figure 2.1). Of 258 households 
in the study area, 253 (98.1%) participated in the entomological survey.  
We found 19 seropositive dogs (seroprevalence = 12.3%), all of them 9-month old 
or older, 106 triatomine infested houses (41.9%), and 45 houses infested with 
Trypanosoma cruzi–carrying triatomine insects (17.8%). Seropositive dogs and 
insect colonies infected with T. cruzi were concentrated in certain parts of the 
study area (Figures 2.1 and 2.2), and there was some overlap of seropositive dogs 
and T. cruzi-infected colonies. An analysis of spatial odds ratios showed that 
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seropositive dogs occur with greater intensity in certain areas of the field of study 
compared to the intensity of the negative dog population (Figure 2.3). Also in 
Figure 2.3 we observe that the areas of higher risk for dogs are close to or contain 
infected vector colonies. The clustering level measured by the K-function 
difference showed no clustering of seropositive dogs (Figure 2.4). By contrast, 
insect colonies infected with T. cruzi did show significant clustering between 10 
and 75 meters (Figure 2.5). 
The characteristics of the dogs according to their proximity (within 50m) to T. 
cruzi-infected triatomines are presented in Table 2.1. Nineteen of the 154 dogs 
were seropositive (12.3%) and the seroprevalence was higher in dogs within 50 
meters of positive triatomines. Dogs proximate to triatomines infected with T. 
cruzi were significantly younger than dogs far from infected triatomines (3 years, 
1 month vs. 4 years, 6 months). Overall most dogs were males (73.4%); this 
proportion did not vary between dogs proximate or far from infected triatomines. 
We restricted the regression analyses to dogs greater than 9-months old. Based on 
the AIC and BIC values (Table 2.2) we report the results of the regression models 
when a distance of 50m was used as the cutoff for proximity between a 
seropositive dog and an infected colony. The association between canine 
seropositivity and presence of positive triatomines within 50 meters of the house 
was higher in the multivariate analysis compared to the univariate analysis, but in 
both cases the effect size was important and the association was statistically 
significant (Table 2.3). Dog age was statistically significantly associated with 
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seropositivity in the univariate and multivariate model, but the effect size was 
small in both cases. Only the presence of T. cruzi-infected triatomines within 50 
meters of the house and canine age were statistically associated with seropositivity 
in dogs (Table 2.3). The number of triatomines or number of positive triatomines 
captured in the dog's household did not show any association with the serologic 
status of the dog, either in the univariate or in the multivariate model.  
 
3.5. Discussion 
We documented here a relatively high prevalence of T. cruzi in dogs in an urban 
area of Arequipa, Peru. The human population in our study area was also studied 
in 2008 [11]. Of 125 children under-5 sampled in the same peri-rural community 
of La Joya, Arequipa during the same year only 1 was seropositive [11] and the 
child was born from a seropositive mother. That finding itself could have been 
enough to identify the area as free of vectorial transmission after spraying. 
However, in this study a high seroprevalence of T. cruzi in dogs (12.3%) was 
found. The area was treated with insecticide in 1996, 12 years before this study 
was conducted, but only three of the seropositive dogs were 12 year or older, 
ruling out that the high seroprevalence in dogs was the result of vector 
transmission prior to 1996. Congenital transmission was also considered, but all 
the seropositive dogs were 9-months or older and the odds of being seropositive 
increased with time after that age. Other studies have suggested the potential of 
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dogs as proxies to determine human seroprevalence [27] and to detect T. cruzi 
transmission in rural areas [28]. Triatomine vectors show a strong preference to 
feed on dogs over other species [22], and oral transmission in domestic animals 
(ingestion) contributes substantially to the overall transmission of the parasite 
[29]. These characteristics may make dogs good markers to detect the 
reintroduction of the parasite to an area before the parasite reaches the human 
population. 
The seroprevalence in dogs was very similar to that estimated by Tustin et al. for 
humans in the same study area (13.4%) [30]. We detected significant clustering of 
T. cruzi-infected colonies, but we did not detect clustering of seropositive dogs, 
similar to what Delgado et al. [11] found in seropositive humans of the same study 
area. Also, their results suggest that infection in humans occurred before spraying 
in 1996, and is not spatially related to the location of infected T. infestans in recent 
times. On the other hand, we estimated that the odds of being seropositive to T. 
cruzi for dogs living proximate to infected triatomines was 5.7 times greater than 
the odds for dogs living far from infected triatomines after adjusting for age and 
sex. Moreover, the strong spatial association observed in this study suggests recent 
transmission in those areas where seropositive dogs were found. Even though only 
nineteen seropositive dogs were found in the area, the results in the multivariate 
analysis were statistically significant, suggesting this relationship would hold in 
similar settings. 
There were some confounders that should be evaluated to assess the validity of 
 62 
estimates. The association between non-participation in sampling and increasing 
age of dogs could be explained by aggressive behavior in older dogs as reported 
by field workers, preventing handling and taking of blood samples. This 
participation rate differential by age could have biased our results; however, given 
the positive association found between age and seropositivity, if all dogs had been 
sampled, we would expect to see an even greater association, assuming that 
participation rate is not associated with seropositivity. The high proportion of male 
dogs in the sample population is explained by anecdotal conversations with local 
residents who state they prefer male dogs, as they are considered to be better guard 
dogs and they do not have to worry about unexpected pregnancies in their animals, 
a common problem in rural areas of Peru where animals are rarely or never 
spayed. The possible interaction between time of exposure to positive triatomines 
and proximity to positive triatomines was assessed. In the study area, dogs are 
typically acquired as puppies and rarely change owners; therefore, age is a good 
surrogate for time of exposure. We did not observe changes in the estimated 
coefficients and the addition of this interaction term did not improve the 
multivariate model (Likelihood Ratio Test post-estimation: p = 0.6221). 
There is a wide range in canine seroprevalence in The Americas, and the 
seroprevalence of 12.3% estimated in La Joya, Arequipa lays in the middle of that 
range [16,31-36]. The ELISA we used to estimate seroprevalence was compared 
to a TESA-blot assay, a confirmatory test for inconclusive results. We found a 
concordance of 0.87 using the Kappa test. However, the lack of a gold standard 
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and estimates of sensitivity and specificity are limitations for our results.  
Our study considered proximity to T. cruzi-infected triatomines as an explanatory 
factor for seropositivity in dogs, but the potential of dogs for transmitting T. cruzi 
to nearby triatomine colonies should not be overlooked. The potential role of dogs 
in the transmission of T. cruzi has been suggested by several studies based on 
seroprevalence results. Serological canine surveys in Paraguay and Argentina have 
found a higher prevalence of infection in dogs than in other domestic animals [15-
17]. As mentioned above, Gürtler et al [16] found that T. infestans strongly prefers 
to feed on dogs and cats compared to chickens, which would increase the chances 
of vectors acquiring the parasite in areas with infected dogs. Another study from 
Argentina reported an association between infected dog ownership and increased 
risk of Chagas disease in children [19]. Finally, it has been reported that dogs 
living within the same area can be infected with T. cruzi from different discrete 
strains of the parasite revealing the versatility of dogs as reservoirs of the parasite 
[37]. 
The number of bugs and the number of triatomine insects infected with T. cruzi 
have been described as risk factors for infection with T. cruzi in humans [38-41]. 
However, in our analysis, these factors showed neither an important effect size 
coefficient nor a statistically significant association with seropositivity in dogs. 
The study community is considered a rural town, but the distribution of 
households does not follow the typical scattered pattern of other rural areas [42]. 
The houses in Villa La Joya have an area of 300m
2
 on average and are in close 
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proximity to each other, grouped into blocks that are arranged similarly to urban 
blocks. The rustic house materials and the poor conditions of the houses are 
probably not an efficient barrier to the mobility of triatomines between houses. A 
triatomine captured in one house may have originated and fed on humans or 
animals living in neighboring houses. The strong association between seropositive 
dogs and triatomine insects infected with T. cruzi found in areas surrounding the 
dog's household reinforces this hypothesis. 
Indoor insecticide spraying is the primary intervention for vector control of 
Chagas disease in the Southern Cone [6,43] and the detection of positive 
triatomine insects has been used to identify high-risk areas [38]. In low-resource 
areas, which comprise most of the areas affected by Chagas disease, dogs could 
also be use to detect areas with ongoing or re-emergent transmission and prioritize 
actions for early intervention. Sanitary programs focused on dogs, such as anti-
rabies vaccination campaigns, have the advantage of congregating many dogs in a 
few points where MoH personnel have access to them. Taking blood samples 
during these campaigns and determining infection in dogs with pooled blood 
samples could potentially be a more cost effective use of resources.  
If dogs are used as sentinels, considerations for handling infected dogs have to be 
in place to guarantee reduction of transmission. Elimination of positive dogs 
would be the most effective measure to halt transmission; however, people who 
regard their dogs in high value would not participate of these sentinel surveillance 
programs. Given the importance of dogs in the epidemiology of Chagas disease 
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and their reservoir competence for T. cruzi [32,44,45] attempts to disrupt the 
transmission cycle in dogs should be considered. Some of these attempts have 
found increased mortality of T. infestans that feed on dogs treated with topical 
insecticide [46,47] and reduced feeding and engorging rate in T. infestans that live 
with dogs using deltamethrin-treated collars [21,48]. Overall, these studies found 
high variability in their results and suggest that measures to reduce transmission 
from and to dogs need more development.  
 
3.6. Conclusions 
Seroprevalence of dogs was high in an endemic area of Peru after 12 years of 
insecticide spraying. Dogs may be useful sentinels to detect reemergence of T. 
cruzi transmission and should be considered in surveillance programs. T. cruzi-
seropositive dogs are spatially associated with the presence of T. cruzi-infected T. 
infestans colonies. T. cruzi  transmission foci detection, determined by 
entomological surveys, could direct targeted insecticide treatment and prompt the 
testing of canine reservoir hosts in the proximity of positive vector colonies. 
Prevention efforts can be directed at interrupting the re-initiation of T. cruzi 
transmission from dogs as the primary reservoir hosts. Prior studies have explored 
topical insecticides as means of halting the vector-host (canine) transmission 
process with variable results. Finally, given the strong spatial association between 
seropositive dogs that are near T. cruzi- infected triatomines, canine serological 
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surveys nested within other programs such as rabies-vaccine campaigns, should be 
evaluated as cost-effective strategies to identify areas were vectorial transmission 
is reemerging or high-risk areas within endemic zones [31]. 
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Table 2.1. Characteristics of dogs and serology by proximity to T. cruzi-
infected triatomines 












17 (15.2) 2 (4.8) 19 (12.3) 0.08
a
 
Age in years, mean 
(SE) 
3.1 (0.3) 4.6 (0.6) 3.5 (0.3) 0. 01
b
 
Sex, n (%)     
Males 33 (78.6.) 80 (71.4) 113 (73.4) 0.37
a
 
Female 9 (21.4) 32 (28.6) 41 (26.6)  
Evaluated with 
a
 Chi-squared and with 
b
 t student tests; n:.count; %: percentage; y 






Table 2.2. Akaike and Bayesian Information Criteria for different proximity 
cut-offs 
 20m 30m 40m 50m 60m
a
 
AIC 116.24 115.91 113.53 110.51 105.34 
BIC 128.36 128.03 125.65 122.63 1.12 – 28.74 
a





Table 2.3. Associated factors to seropositivity to T. cruzi in dogs 9-month old 
or older 
 Unadjusted Model Adjusted Model
 a
 
 OR 95% CI p-value OR 95% CI p-value 
Live ≤ 50m of an 
infected 
triatomine 
4.69 1.03 – 21.44 0.04 5.82 1.12 – 28.32 0.03 
Age in years 1.12 0.97 – 1.29 0.01 1.16 0.99 – 1.43 0.06 
Sex (males) 1.08 0.36 – 3.28 0.88 1.15 0.34 – 3.65 0.82 
Number of 
triatomines 
captured in the 
household 
0.99 0.98 – 1.01 0.47 1.00 0.98 – 1.01 0.57 
Number of T. 
cruzi-infected  
triatomines in the 
household 
1.01 0.83 – 1.46 0.49 1.14 0.85 – 1.46 0.37 
95% CI: 95% confidence interval. 
a







Figure 2.1. Map showing the canine population 
 




Figure 2.3. Spatial odds ratios of seropositivity for Trypanosoma cruzi in dogs. UTM coordinates. 
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Figure 2.4. Clustering of seropositive dogs 
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4. Host-seeking behavior and dispersal of Triatoma infestans, a 
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Background: Chagas disease affects millions of people in Latin America. The 
control of this vector-borne disease focuses on halting transmission by reducing or 
eliminating insect vector populations. Most transmission of Trypanosoma cruzi, 
the causative agent of Chagas disease, involves insects living within or very close 
to households and feeding mostly on domestic animals. As animal hosts can be 
intermittently present it is important to understand how host availability can 
modify transmission risk to humans and to characterize the host-seeking 
dispersion of triatomine vectors on a very fine scale.  
Methods: We used a semi-field system with motion-detection cameras to compare 
the behavior of vector populations in the constant presence of hosts (guinea pigs), 
and after the removal of the hosts. We had 2 tanks: a control tank (constant guinea 
pigs) and an intervention tank (guinea pigs removed).  We observed the 
experiment for 5 weeks and repeated the experiment 3 times. We counted every 
three days how many insects remained in the original refuge to determine the 
emigration rate and evaluated this rate with three different Poisson models. We 
also counted the motion-activated snapshots to assess the level of activity with a 
hierarchical linear model.  
Results: The emigration rate – net insect population decline in original refuge – 
following host removal was on average 19.7% of insects per 10 days compared to 
10.2% in constant host populations (p=0.029). However, dispersion of T. infestans 
occurred in both directions, towards and away from the initial location of the 
 80 
hosts. The majority of insects that moved towards the original location of guinea 
pigs remained there for 4 weeks. Oviposition and mortality were observed and 
analyzed in the context of insect dispersal, but only mortality was higher in the 
group where animal hosts were removed (p-value < 0.01).  
Conclusions: We discuss different survival strategies associated with the observed 
behavior and its implications for vector control. The removal of domestic animals 
in infested areas increases vector dispersal, possibly towards nearby human 
sleeping spaces.  





Chagas disease, a vector-borne disease caused by the parasite Trypanosoma cruzi, 
affects from 7 to 8 million people in The Americas [1] . The vast majority of 
people infected are not detected [2,3], and when the disease manifests clinically it 
cannot be reversed and can be fatal [2-4]. In addition to the inability to detect early 
cases and the lack of treatment in advanced stages, currently, there are no vaccines 
available to prevent the disease [5]. Therefore, efforts to halt transmission are 
crucial in endemic areas to reduce the burden of disease [6]. 
Most control programs aimed to halt T. cruzi transmission focus on reducing the 
insect vector populations [6]. In the Southern Cone of South America, 
transmission of T. cruzi is mostly driven by Triatoma infestans living within or 
very close to households, at times feeding on humans, but feeding mostly on 
domestic animals [7,8]. In urban areas and densely populated rural areas, the 
proximity between animal corrals and human bedrooms may allow for dispersal of 
vectors from animal enclosures into human houses. 
Several studies have reported the presence of guinea pigs in houses as a risk factor 
for triatomine infestation in endemic areas [9-11]. In Arequipa, Peru, an area 
where Chagas disease is an emerging and re-emerging problem, the presence of 
domestic guinea pigs increases the odds of triatomine-insect infestation by 1.69 
times and the triatomine density by 2.4 times [12]. In this setting, guinea pigs are 
raised in small numbers in backyards, on top of roofs, and inside the houses as a 
source of protein. Many factors can lead to changes in the distribution and 
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presence of domestic animals of different species. Because guinea pigs are 
typically fed with alfalfa, the price of which fluctuates widely, and because of 
their small number in a corral, guinea pigs are often withdrawn during certain 
parts of the year and the corral left empty. This is a presumed catastrophic event 
for local triatomine populations relying on those animals as a source of blood 
meals. When hosts are removed from corrals the triatomine insects that live, 
reproduce and feed on them might either leave, or stay to wait for a new wave of 
hosts. If the triatomine vectors leave their nests in search of new hosts, the 
removal of guinea pigs likely implies a sudden and important rise of the risk for 
the human populations.  
The dispersal behavior of different triatomine vectors has been studied from 
different perspectives. T. infestans uses two types of locomotion for dispersal: 
flying and walking. In Argentina most T. infestans were found walking in infested 
areas, but a number of them were captured flying [13]. To add complexity to the 
locomotion patterns observed in T. infestans, it has been reported that the starting 
time of flight shows wide variability based on climatic and individual factors [14] 
and that T. infestans do not fly above 2,750 m [15], an important feature in the 
highly populated cities of the Andes with altitude in this range such as Arequipa in 
Peru and Cochabamba in Bolivia. For other triatomine species, light might attract 
insects into houses [16], and street lights have been associated with increase 
infestation in houses [17]. Some studies have reported patterns of walking 
dispersal related to host seeking, mainly by isolating the effect of chemical [18-20] 
 83 
and physical cues [21-24].  It is not yet known how triatomine insects disperse in 
the event that their food source completely disappears from their surroundings.  
In order to determine how the vectors behave under these circumstances, we 
characterized the initial dispersal behavior of triatomine insects at small-scale area 
when the only source of blood meals is withdrawn from the environment, and 




4.3.1. Ethical statement 
The Institutional Animal Care and Use Committee  (IACUC) of Universidad 
Peruana Cayetano Heredia reviewed and approved the animal-handling protocol 
used for this study (identification number 60942). The IACUC of Universidad 
Peruana Cayetano Heredia is registered in the National Institutes of Health at the 
United States of America with PHS Approved Animal Welfare Assurance Number 
A5146-01 and adheres to the Animal Welfare Act of 1990. 
4.3.2. Experimental design 
In order to understand the dispersal of T. infestans after blood-meal sources are 
removed, we conducted an experiment in a semi-field system with motion-
detection cameras. In two 10-foot long glass tanks with a glass-walled maze in the 
middle area we placed a cage with two guinea pigs at one extreme of the tanks. A 
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cardboard box with corrugated paper to increase internal surface (the primary 
refuge) containing 60 triatomine insects was placed in each tank proximal to the 
guinea pig cage. An identical cardboard box (the secondary refuge) was placed at 
the extreme of the tank opposite to the guinea pig cage and the primary refuge 
(Figure 1). After a week of cohabitation, the guinea pigs from one of the tanks 
were removed (time of intervention); this tank was designated the intervention 
tank and the tank with constant presence of guinea pigs was designated the control 
tank.  
We defined six discrete locations across each experimental tank: quadrants 1-4 
and the primary and secondary refuges. Quadrant 1 refers to the area occupied by 
the guinea pig cage at one extreme of the tank; the primary refuge is proximal to 
this quadrant. Quadrant 2 refers to the area immediately surrounding the primary 
refuge and the beginning of the maze. Quadrant 3 refers to the middle portion of 
the maze. Quadrant 4 refers to the final portion of the maze and the area 
immediately surrounding the secondary refuge, which was placed at the extreme 
of the tank (Figure 1). The insects were free to move throughout all areas of the 
tank. 
During the experimental period, we counted the number of T. infestans in these six 
different areas of the intervention and control tanks, video-recorded their 
movements, and estimated their level of activity by motion-activated snapshots. 
The experiment was repeated three times. We used a HOBO® data logger to 
record temperature and relative humidity every 10 minutes during the three 
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replicates of the experiment. 
4.3.3. Animals 
We used a total of 12 one-month-old female guinea pigs from a local farm free of 
triatomine infestation and a total of 360 triatomine insects that were raised in a 
large triatomine colony originated from Arequipa, Peru. In order to form the 60-
triatomine groups for each tank and each repetition, we chose 10 triatomine insects 
from the following six groups: 2nd, 3rd, 4th, 5th instar, female and male.  
4.3.4. Data collection 
We used a video camera system to observe and record two types of files; 
snapshots of each quadrant of each tank every 10 seconds and snapshots of a 
quadrant where any movement was detected to a maximum of two motion-
activated snapshots per second. Because of the continuous movement of guinea 
pigs in quadrant 1, we only used snapshots from the other 3 quadrants where 
activation of snapshots was solely related to triatomine movement. Because 
triatomines are nocturnal, we used red-light bulbs between dusk and dawn to 
provide illumination for the cameras. Red light has been shown previously to not 
affect triatomine movement [25,26], and it has been used to observe other 
nocturnal insects [27,28]. To confirm the lack of disturbance of red light in the 
dispersal of T. infestans we conducted a pilot with three different light colors: 
white, green, and red. We illuminated a 2-square-foot-area tank containing 20 T. 
infestans and observed their behavior. Under white and green light the triatomine 
 86 
insects stayed on the borders of the tank and only moved along the borders, a 
behavior consistent with negative phototaxis. Under red light the triatomine 
insects moved all over the tank surface without showing any pattern that would 
suggest light disturbance. 
We also visually examined each tank at around 10 AM every three days and the 
day before and after removing guinea pigs. We counted the number of triatomine 
insects in each quadrant and box and registered their sex or developmental stage 
and their nutritional status. The nutritional status was measured in a scale from 1 
to 4, and it was based on a qualitative determination of blood reserves in the mid 
gut developed by Montenegro in 1983 [29]. During these in-person observations, 
we recorded the number of dead insects and eggs laid in each quadrant or refuge. 
We withdrew the eggs from the tanks upon observation, but left dead insects 
where they were found.  
4.3.5. Statistical analyses 
Analysis of videos: We compared the activity of triatomine insects during the 
observation periods by analyzing the daily total number of motion-activated 
snapshots per tank taken by the cameras. We used a hierarchical linear model with 
random intercept to model the average number of motion-activated snapshots 
depending on the intervention. We used the recorded temperature and relative 
humidity every 10 minutes to calculate the median daily temperature and the 
median daily relative humidity to include them as regressors. 
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Analysis of counts of insects: To model the differential dispersal of triatomine 
populations in the intervention and control tanks we used a Poisson regression on 
the insect counts in the primary refuge over time depending on the presence or 
absence of hosts. We first considered a simple Poisson regression. Second, we 
considered a hierarchical Poisson regression with random intercept to account for 
different counts in the refuge at the time of intervention. Finally, to allow random 
variation of the rate of emigration, or population decline of the primary refuge, 
between repetitions, we used a hierarchical Poisson regression with random 
intercept and slope. We also included as regressors the median daily temperature 
and the median daily relative humidity. The fit of the alternative models to the 
data was compared with Akaike's Information Criterion (AIC). 
We plotted the observed number of triatomine insects in each quadrant and boxes 
over time. We also plotted the observed number of triatomine insects in the box 
close to the guinea pig cage as a function of time and the predicted number 
obtained from the hierarchical Poisson regression with random intercept, the 
model with lowest AIC. The number of triatomine insects that were found in the 
original insect refuge the day before the intervention was compared with chi-
squared test.  
Death and oviposition: Finally, we evaluated the number of eggs found over the 
study area and compared the number of dead insects between intervention and 
control tanks with a log-binomial regression. All graphs and analyses were 




Across the three repetitions, we observed a similar pattern of emigration of 
insects; the number of triatomine insects in the primary refuge decreased faster in 
the intervention tank than in the control tank (Figures 2 and 3). We also observed 
that triatomine insects in the intervention tank leaving their primary refuge 
dispersed in both directions, towards and away from the empty guinea pig cage 
(Figure 2). In the control tank the number of triatomine insects in the primary 
refuge reduced slightly over time and those triatomines that emigrated did it 
always towards the secondary refuge. 
When we evaluated dispersal by developmental stage and sex, we observed more 
complex patterns. The most remarkable finding is that females, independently of 
the tank, started dispersal immediately after they were placed in the experimental 
area. A proportion of the females quickly found the secondary refuges and stayed 
there. A related observation was the presence of eggs in the primary and secondary 
refuges and across the quadrants. We did not observe any pattern in the 
distribution of eggs over the study area, but the number of laid eggs increased 
exponentially over time in the three repetitions in both tanks as shown in Figure 5. 
The three Poisson regression models we used to quantify the rate of emigration of 
T. infestans from their primary refuge in our system estimated similar rates, with 
an average of 10.2% and 19.7% reduction of insects in the primary refuge per 10 
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days lapsed in the control group and the intervention group, respectively. This 
difference was statistically significant, with p-values between 0.029 and 0.036 
depending on the model (Table 3.1). Overall, the AIC favored the hierarchical 
Poisson model with a random intercept (Table 3.1), suggesting that the counts of 
insects in the refuge at the time of intervention might be different between 
repetitions but the net emigration rates after the intervention are consistent across 
repetitions. Nevertheless, the heterogeneity in the number of triatomine insects in 
the primary insect refuge at the time of intervention was not statistically 
significant (chi-squared = 0.3748; df = 2; p-value = 0.83). 
The dispersion of the data around the values predicted by the best model is 
presented in Figure 3. The nutritional status of triatomines found in the secondary 
refuge the day before intervention was not statistically different when we 
compared the intervention versus the control tank (Fisher’s exact test p-
value=0.39). We observed high variability of daily median relative humidity and 
low variability of daily median temperature as observed in Figure 6. These 
weather variables had neither an important effect size nor a statistically significant 
influence on the emigration rate. 
In terms of observed level of insect activity, there were complex patterns in the 
intervention tank after guinea pigs were removed. The night after the guinea pigs 
were removed, we observed an elevated number of movements recorded by our 
system in the intervention tank compared to the control tank. Video 1 shows 
quadrant 1 and primary refuge of the intervention and control tanks between 11 
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PM and 2 AM the night after guinea pigs were removed. The video was created 
with the snapshots taken automatically every 10 seconds and clearly shows the 
high level of activity in the intervention tank. Over the observation period, the 
level of activity was higher in the intervention tank, and can be observed by 
comparing the spikes in Figure 4. The average number of motion-activated 
snapshots per day was higher in the intervention tank compared to the control tank 
by 11,186 snapshots across all three repetitions (95% CI: 4,653 – 17,720; p = 
0.001). A one Celsius degree increase in the median daily temperature was 
associated with an increase of 5,068 motion-activated snapshots per day (95% CI: 
1,317, 8,818; p-value=0.01), and an increment of one percentage point of relative 
humidity was associated with an increase of 302 motion-activated snapshots per 
day (95% CI: -49, 655; p-value=0.10). An observation related to the frequency of 
movements recorded by our system is that insect activity started on average 1 hour 
and 12 minutes earlier in the intervention tank compared to the control tank the 
night after hosts removal. 
The probability of triatomine insects dying in the intervention group was 1.46 
times higher than in the control group and this increase was statistically significant 
(95% CI: 1.10, 1.95; p-value=0.0098). Most dead triatomine insects were found in 
the primary refuge and no significant differences in mortality were observed by 




Here we characterize the ex-situ dispersal of T. infestans after removal of sources 
of blood. The observed reduction of insect population in their primary refuge 
(emigration rate) was, on average, 19.7% over 10 days, and triatomine insects did 
not distribute randomly over the available area. Some of the insects remained in 
the primary refuge (close to the guinea pig cage), some migrated to the secondary 
refuge (far from the guinea pig cage), and some dispersed towards the empty 
guinea pig cage. The empty guinea pig cage was the only source of olfactory cues 
associated with blood sources, and also offered shelter to bugs. 
In r/K selection theory, some species develop an r strategy that favors population 
growth rate (r) with low intra-species competition, and many offspring with low 
probabilities of survival, while others develop a K strategy, where population 
growth is limited by carrying capacity of their environment (K), few offspring are 
produced, all with a high probability of survival, and intra-species competition is 
high [31]. These two strategies also correspond to different dispersal patterns: a 
pure r-strategy would involve a continuous high level of dispersal that would 
minimize the impact of perturbations, and oppositely, a pure k-strategy would 
minimize dispersal under constant conditions, but may display significant 
dispersal in the face of perturbation. Active dispersal of triatomine insects has 
been mainly associated with seeking food and mating [32], but it might also be an 
r-species strategy to find and colonize new areas, maximizing the overall survival 
of the descendants in the case of unpredictable environments [33]. The significant 
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dispersal to the refuge at the other side of the tank, even with blood sources at 
immediate proximity suggests that part of the dispersal of T. infestans is linked to 
an r-strategy type dispersal. The significant impact of the removal of the hosts on 
the dispersal rate confirms that there is a K-strategy type dispersal component for 
a mixed strategy in T. infestans dispersal. 
We observed two opposite responses after guinea pigs were withdrawn; a 
proportion of insects stayed close to the guinea pig cage, while others migrated 
away. One explanation for the prolonged presence of triatomines close to the 
empty guinea pig cage is the continued presence of chemical attractants for 
triatomines. Specifically, urine [34], humid feces, or even humid scraps of pasture 
greens may attract triatomines [22]. The continued presence of the insects in the 
empty guinea pig cage may also be behavioral, as insects accustomed to feeding in 
that location that do not become engorged may wait for animals to return. 
Remaining near a previously present food source may be an advantageous strategy 
in areas where foraging for new food sources carries a high cost. Triatomine 
insects have a number of nocturnal predators such as geckos, rodents, and spiders, 
and diurnal predators such as chickens, dogs, and cats. In addition to the risks of 
predation, seeking new food sources might deplete the insects’ energy stores and 
expose them to desiccation.  
A large proportion of insects also migrated away from the empty cages. The two 
opposite responses observed might represent two different individual strategies 
that increase the individual’s survivorship in the field in different ways; a passive-
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host-seeking individual’s genes will pass along if they wait for food and new hosts 
come in a timely manner, and an active-host-seeking individual’s genes will pass 
along if they are able to avoid all the risks outside of the refuge and successfully 
find new hosts. However, our experiment was not set up to trace kin relationships 
or to distinguish genetically-based variations from stochastically determined 
behaviors (bet hedging) [35,36], so we cannot make any conclusions in that 
regard. 
Interestingly, the potential strategy associated with a passive food-seeking 
behavior (waiting in a high-probability-of-food zone) could explain some previous 
field observations by our team. In 4 rural communities of Arequipa, Peru, we 
conducted entomological surveys for triatomines in each animal corral in the area. 
Among 1762 animal corrals we found T.  infestans in 294, and 104 of these 
infested corrals did not contain any animals. Those empty corrals might represent 
high-probability-of-food zones that are exploited by triatomine insects and should 
be considered in vector-control strategies. 
The increased frequency of movements and the earlier start of insect activity 
observed in the intervention tank versus the control tank may be explained by 
active search for a host. Surprisingly, across the three repetitions this differential 
behavior started the same night that guinea pigs where withdrawn. The insects 
from both tanks had cohabitated with the guinea pig for one week prior so, 
assuming a similar biting rate to that previously reported [37], it is possible that 
most insects needed to feed the same night of guinea pig removal. It is also 
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possible that triatomines can recognize the lack of a source of blood meals in the 
vicinity and may start searching hosts for the next meal, even if they do not need 
to feed for several days. Hosts might also be sources of heat for proper enzymatic 
activity and be sought by engorged or partially full triatomine insects to facilitate 
digestion [38].  
We observed that in both tanks, control and intervention, triatomines were usually 
found in the extremes of the tanks during in-person observations (~10 AM). Ideal 
free distribution theory [39] proposes that animals know the quality of the patches 
(distribution of resources) where they move and will choose patches with higher 
quality. In our intervention tank, after removing guinea pigs, the quality of the 
quadrants in terms of food became the same; however, the presence of the refuges 
as well as the presence of the empty guinea-pig cage with feces, urine and scrapes 
of alfalfa provided cues as well as safe harbor for insects, making some quadrants 
more attractive than others. Thus, ideal free distribution might explain the similar 
distribution of T. infestans in areas far from and close to the location of blood-
meal sources after removal of hosts.  
We found T. infestans eggs scattered across the experimental tanks, without any 
clear pattern of dispersion. The absence of spatial pattern in the distribution of 
eggs might suggest a strategy to disperse eggs around the original colony, and 
could support the null hypothesis of the ideal free distribution of triatomine insect 
females over the experimental area. The importance of walking pregnant 
triatomine females was reported by Abrahan et al. in 2001 [40], and suggested that 
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this type of locomotion in females is an adaptive strategy that allows for dispersal 
of many eggs. Dispersing eggs around the original colony increases the chances of 
at least one egg surviving and it is a preferred strategy as the intensity of predation 
increases [41]. Egg dispersal might also increase colonization success and help to 
avoid reaching carrying capacity if the colony only grows with a limited supply of 
blood meals or nesting space. 
We did our best to maintain the intervention and control groups under identical 
conditions throughout the experiments. Despite our efforts, there were a number of 
insects that started dispersal in the intervention tank before guinea pigs were 
withdrawn in two of the three repetitions. The slight observed difference in the 
number of insects in the original refuge before the guinea pigs were withdrawn 
was not statistically significant for any of the three repetitions. For all repetitions 
the control and intervention tanks were switched, and in all cases the insects 
started the repetitions in a completely clean tank without residues from previous 
experiments that could have leaved traces of olfactory cues. One potential 
explanation we propose is a different individual guinea pig response to insect bites 
that would have prevented triatomines from completing a blood meal in a tank 
with more irritable guinea pigs and led them to look for other sources of blood 
meals. However, there was no statistical difference in the nutritional status of 
those insects found in the primary and secondary refuge before withdrawing the 
guinea pigs. A simpler explanation is that triatomine insects display a clear r-
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strategy, dispersing considerably even when they have reliable food sources and 
refuge. 
We faced some limitations that should be taken into account when making 
inferences from our results to in-situ triatomine dispersion. We had a fixed number 
of triatomines by developmental stage and sex not reflecting the stable population 
distribution of T. infestans [42]. Patterns of dispersion, however, might be 
influenced by density and stage structure of vector colonies [43]. We kept a fixed 
number of guinea pigs across all repetitions, but the ratio of hosts to vectors might 
also influence dispersal patterns [44]. Also, the number of triatomine insects per 
tank reduced slightly during the experiment due to mortality, but we did not allow 
it to increase, as it could under field conditions. Changes in population size might 
affect dispersal, especially when the number of insects exceeds the carrying 
capacity of the environment. In addition, we observed our ex-situ system for only 
28 days after the removal of the hosts. The dispersal of triatomines would certainly 
have continued past our period of observation, and different patterns could have 
emerged over longer time scales. In our system there was significant variation in 
relative humidity and small variation in temperature over time. A greater 
variability of temperature and relative humidity would be expected in field 
conditions across different ecotopes and in peridomestic areas, probably 
influencing the activity and the dispersal of T. infestans, in keeping with our 
observed increased activity associated with higher temperature. Finally, we 
purposely did not place attractants in the other site of the tanks such as secondary 
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sources of blood meals in an effort to mimic situations in which migration would 
entail seeking an entirely new food source. In areas where animal corrals are close 
to one another or to rooms where humans sleep most migration might be directed 
to an easily detected area. Cues from proximal animals or humans would be 
detected soon after food seeking starts and then traces of those cues would lead the 
insects directly to the hosts [45]. It is likely then that the observed propensity to 
disperse when hosts are removed would be even higher in a field environment. 
  
4.6. Conclusions 
Our results represent triatomine dispersal in areas of low-animal-corral density and 
might, as well, represent initial dispersal of triatomine insects in areas of high-
animal-corral density. While dispersal is important even in the constant presence 
of hosts, there is an important change in the dispersal pattern when hosts are 
removed. We observed two types of dispersion: close spatial association with 
original location of removed hosts, and dispersion seemingly at random far from 
the primary refuges and host locations. Further studies would help to determine 
the ecological meaning of these dispersal strategies, and could answer if 
behavioral patterns are the result of bet hedging. The removal of these animal 
hosts may lead to sudden infestations of surrounding areas by insects looking for 
other sources of blood meals, increasing the risk of T. cruzi transmission for 
humans in proximal areas. Further studies are needed to discern adequate 
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strategies to limit T. infestans dispersal in these settings and the associated 
increase of transmission risk. Additionally, empty animal corrals may remain 
attractive to the vectors or be used by triatomines as hiding places and should be 
carefully considered in vector-control activities such as monitoring, insecticide 
treatment, and housing improvement [12,46-48]. 
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Table 3.1. Comparison of Poisson regression models to assess the emigration rate. 
 Poisson model Poisson with random 
intercept 
Poisson with random intercept 
and slope 
 Coef. SE p Coef. SE p Coef. SE p 
Intercept 3.964 0.073 <0.001 3.961 0.089 <0.001 3.956 0.114 <0.001 
Tank -0.147 0.113 0.195 -0.147 0.113 0.195 -0.150 0.113 0.187 
Time (days) -0.011 0.003 0.001 -0.011 0.003 0.001 -0.010 0.004 0.011 
Tank*Time -0.011 0.005 0.029 -0.011 0.005 0.029 -0.011 0.005 0.036 








Figure 3.1. Diagram (not to scale) of experimental design for each glass tank. 
 
 
Video cameras recording each area of the tank (A); primary (B) and secondary (C) refuges; glass-walled maze (D); and 




Figure 3.2. Distribution of triatomine insects on tanks over time in one of the three repetitions 
 
 
Green dots represent triatomine insects in the primary refuge (R1); red dots represent triatomine insects in the secondary 
refuge (R2); black dots represent triatomine insects in or under the guinea pig cage (Q1); and grey dots represent no 















































Solid symbols represent inter vention group





Figure 3.4. Activitiy level estimated by count of motion-activated snapshots. 
 
 
Graph shows count of moves recorded in one repetition. The inset shows a 









Figure 3.5. Observed and predicted number of eggs as a function of time. 
 
























The present dissertation thesis covers some important aspects of the ecology of the 
primary vector of Chagas disease in the southern cone of South America, Triatoma 
infestans. Specifically, it studies the role of domestic animals in the ecology of 
Triatoma infestans. The dissertation also examines the potential role of domestic 
animals, specifically dogs, as animal sentinels for the early detection of transmission 
of Trypanosoma cruzi, the causative agent of Chagas disease. 
 
5.1. Domestic animals, their physical environment, and presence and 
abundance of Triatoma infestans and Trypanosoma cruzi 
In the first aim of the study we found strong associations between the presence and 
abundance of Triatoma infestans and the combination of specific domestic animal 
species and specific construction materials used to build the animal enclosures. In 
particular, the presence of guinea pigs or rabbits in corrals built with stacked stones 
or bricks had higher odds of infestation and higher average number of captured 
triatomine vectors than doghouses built with mortared brick (the reference group). 
Guinea pigs and rabbits were also associated with increased odds of finding 
Trypanosoma cruzi-carrying insect vectors in their enclosures, and guinea pigs were 
also associated with a higher number of Trypanosoma cruzi–carrying insect vectors. 
Importantly, we found that 30% of the empty corrals in the area were infested with 
Triatoma infestans and 31% of these infested empty corrals had Trypanosoma cruzi-
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infected insect vectors. Enclosures containing poultry were also associated with the 
odds of finding Triatoma infestans. In other countries dogs have been reported as 
important hosts for Triatoma infestans and as reservoir of Trypanosoma cruzi; 
however, we found that in Peru, other species might play a more important role for 
the presence and abundance of triatomine vectors. Currently, the Ministry of Health, 
through their Chagas Disease Control Program, conducts surveillance of houses for 
the presence of Triatoma infestans. Such surveillance activity should focus especially 
on the corrals of domestic animals, with special attention to those corrals built with 
stacked stones and bricks and containing small animals (guinea pigs, rabbits, and 
poultry). Also, surveillance programs should include observing empty animal 
enclosures. Interventions to reduce and control vector populations should focus on 
improving animal corral materials, and reducing or eliminating animals populations 
from the peridomiciliary area after triatomine vectors are eliminated. 
 
5.2. Dogs and their potential as animal sentinels to detect areas of 
transmission of Trypanosoma cruzi 
In the second aim of this dissertation we found a strong spatial association between 
canine seropositivity for Trypanosoma cruzi and Trypanosoma cruzi-infected vector 
colonies. All seropositive dogs in the study area were 9 months or older and the 
odds for a dog to be seropositive increased with age. In the same study area we did 
not find any seropositive humans under 5 years of age and only 5 seropositive 
humans under 18 out of 513 sampled humans. Finally, we found that 97% of all the 
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T. cruzi-infected insect vectors were captured outside de houses. Taken together, 
this constellation of findings suggest that at the time of our study, the insect vectors 
and the parasite T. cruzi had begun transmission among the canine population but 
did had not yet become established in the human population. Dogs that lived within 
50 meters of infected vector colonies had 5.8 times higher odds of being 
seropositive compared to dogs living further. Dogs have the potential of being 
animal sentinels to detect early transmission of Trypanosoma cruzi. In Argentina 
dogs were disregarded as sentinels because their behavior is such that they do not 
represent the T. cruzi transmission risk of a specific area inhabited by humans. In 
Argentina, dogs are usually used as hunting hounds and in addition to being infected 
by vectorial transmission, they may become infected by biting or eating infected 
wild animals. In contrast to the Argentine setting, dogs in Arequipa, Peru do not 
hunt, eliminating the risk of oral transmission from eating infected animals far from 
the area under surveillance. Dogs in Arequipa do not migrate from their homes, 
which reduces the probability of false positives (defined in this case as an area 
defined as positive by the presence of seropositive dogs that were infected outside 
of the area of interest for human transmission risk).   
Dogs can and do eat triatomine insects, and the oral route is an important 
component of the transmission of T. cruzi in dogs. This means that dogs are at risk of 
infection by vectorial transmission and by the oral route, so their likelihood of 
exposure to T. cruzi is higher than in humans. 
In Peru and in other Latin American countries there are health programs that 
already involve dogs into which a Chagas sentinel program might be embedded. In 
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particular, anti-rabies campaigns are common in many countries in Latin America 
and they congregate most dogs in a few locations to administer anti-rabies shots. 
This is a window of opportunity to collect canine blood sample, record the age of 
dogs and their address and use this information to determine areas of T. cruzi 
transmission. 
 
5.3. Triatoma infestans behavior and dispersion under the constant 
presence and removal of hosts  
In the third aim of the dissertation we studied the dispersion and host-seeking 
behavior of Triatoma infestans. We found that Triatoma infestans displays a high 
level of dispersion even in the constant presence of animal hosts and that the 
pattern of dispersion under conditions of constant presence of hosts appears to be 
random. When hosts are removed, the level of activity and dispersion increases 
significantly, and the pattern is not random. Some of the triatomine vectors migrate 
closer to the original location of removed hosts and some of the triatomine vectors 
migrate in the opposite direction. There are important implications for these 
observations. First, the high level of activity and dispersion even in the constant 
presence of hosts means that infested animal corrals in the field represent a 
constant and continuous risk for humans in the area. Second, the increased activity 
and dispersion after hosts are removed suggest that the population dynamics of 
hosts in the field might increase the risk of T. cruzi transmission for humans.  For 
example, when humans remove domestic livestock from enclosures to sell or for 
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their own consumption, the vector dispersal pattern and increased activity may 
bring vectors closer to potential human hosts. Third, the observed vector migration 
towards the original location of hosts indicates that empty animal corrals might 
remain attractive to triatomine vectors as hiding places or feeding areas for the near 
future. 
 
5.4. Chagas disease: a complex and context-dependent system 
Chagas disease is a very complex disease that involves dozens of triatomine species 
as vectors, many mammal species as reservoirs of the parasite, lifelong infections in 
humans, and difficulty to diagnose and treat the disease. Numerous subsystems 
comprised by the interactions between vectors, animal reservoirs and humans could 
be defined across The Americas. In this dissertation we focused on some aspects of 
the ecology of Triatoma infestans and showed that the study of domestic animals 
might enlighten our understanding of vector abundance and behavior, and the 
detection of early transmission of Trypanosoma cruzi in a given area. Interventions 
based on domestic animals might complement current vector control programs 
against Chagas disease and reduce the burden of this neglected tropical disease in 
The Americas.   
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